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Studies on sulphur control in iron making and steel 
making processes or by means of external treatment of metal 
in the ladle have gained importance in recent years to meet’ 
challanges for production of low sulphur steel at lower cost 
for newer and newer applications in space, ocean, defence 
etc. .Basic studies are important in understanding the 
mechanism of sulphur removal from the metal to slag* 

■Diermo dynamics of sulphur reactions and desulphurising 
powers of various blast furnace and steel making slags 
have been investigated by many workers by equilibriating 
the melt with known H 2 /H 2 S ratio or witn a known quantity 
and composition of slag at a fixed temperature. In the 
present work attempts are made to study the effect of Mn 
on the desulphurisation of iron-carbon melts due to foimation 
of MnS with and without addition of some oxide slags of 
0aG-Si02-J^2*^3 system in the temperature range of 1200°— 
1400°G. Such temperatures usually occur in the transit of 
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the hot metal from the blast furnace to the steel making 
unit and in presence of Mn, sulphur drops are expected to 
occur, 

laboratory experiments included fabricating a 
silicon carbide furnace, making iron-carbon alloys, melting 
the alloy under argon atmosphere in a graphite crucible, 
drawing the samples carefully with a q^uartz tube and the 
analysis of sulphur and manganese in the laboratory, 

'Ihe effect of Mn in metal on the desulphurising 
power of oxide slags was studied by making sjnithetic slags 
of Ca 0 ~Si 02 ---Al 203 "th-e laboratory and equilibrating the 
melt at 1400°G with those slags for 4-6 hours of duration. 

Sanples were either drawn from the melt or taken from the 
solidified mass in the crucible after the duration of 
experiment. Pure lime was also used as a desulphuriser in 
some experiments for comparison purposes. Reliability of 
data was checked by repeating a few experiment , by making 

more than one analysis of some samples and by calibrating 
the apparatus with a standard steel sample supplied by 
British chemical standards, Ihermocouples were suitably 
calibrated against standard thermo coup-les and with melting point 
of pure copper. Raw materials were characterised by X-ray diffra- 
ction and by chemical analysis in the laboratory. 

Experiments were done by stepwise addition of 
manganese to the melt of Pe-G-S at constant temperature or 
by cooling and heating of Pe-G-Mn-S melt. The solubility 



of sulphur determined experimentally at lower temperatures 
of 1200°C matched well with the reported data of Morris*, 
where as at 1400°G the sulphur levels in the melt were fo\ind 
t^be less in the present investigation, 

A regular solution model has been proposed for 
finding the activity coefficient of sulphur at temperatures 
lower than 1600° 0 as data existed in the literature only at 

1600°g, 

Ihe calculated values of the sulphur content in carbon 
saturated metal at different temperatures and maaganese 
contents of metal were compared with the experimental results. 
Good agreement was reached in most of the cases if the activities 
of MnS and PeS in slag were taken to be the same as their weight 
fractions and a discrepancy of -1,0 to *^1,8 JCcal/mole in the 
reported standard free energy of formation of MnS was allowad. 
iChese limits are within the accuracy of the reported data, 

Erom the slag metal equilibrium studies at 1400°G, 
manganese up to Z pet, was fomd to decrease the sulphur 
content of metal at all combinations of slag volinne (10 to 
20 pot,) and slag basicity (GaO/SiO^ ratio of 1 -to 2), A 
multicompon^t multiphase mathonatical model was developed to 
analyse the experimental findings. Sulphur partition ratios 
were calculated both from the model and the experimental data, 
Exact role of manganese in lowering the sulphur content of 
the iron-carbon alloy melt could not be identified , More 

* J,P, Morris, J, df Metals, (September 1952), p, 939-940, 



XV 


scientific datar under the laboratory and plant condition 
are recommended to understand the mechanism of sulphur' 
transfer from slag to metal in presence of manganese in 
the melt* 
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IMODUGTIOIT 

^ ^ Effect of Sulphur on Mechanical Properties of Steel 

Sulphur in steel is considered to be harmful, because 
the presence of sulphur lowers the mechanical properties of 
steel, Free cutting steel is the only grade of steel where 
the sulphur content is kept deliberately high, i.e. 0,22 weight 
pet or more. low sulphur in steel is essential for improved 
notch toughness,, ductility, cold pressing properties and to 
avoid cracking failure as well as directional anisotropy in 
mechanical properties on hot working. For the production of 
quality steel and for super duty applications, the sulphur in 
steel should be generally less than 0.01 percent. It is 
generally specified that the final product i.e, steel should 
have 0.025-0.040 percent sulphur for general applications and 
the modern trend is towards lower and lower salphur contents 
in steel. 

Some of the detrimental effects of sulphur in steel 
are elaborated further below. 

1 • ^ • "I Ductility of steel 

A major factor determining the yield in tot working 
operations is the ductility of steel. Some steels having 
lower ductility restrict their range of working temperature. 
Elements which form, low melting point compounds or inclusions 
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deform diff erentially leading to cracking or large scale 
fracture. Sulphur in steel is known to form a low melting 
point compound FeS and contributes to red shortness. This 
red shortness is manifested as a marked lack of ductility in 
the temperature range 85(^1 050° 0 when sulphur content is 
greater than 0,005 percent. The addition of manganese above 
a critical value, improves the ductility of the steels which 
are susceptible to red shortness. Tae stoichometric ratio of 
'Mn* to 'S' in MnS is 1.72 and at ratio lower than this , some 
'S' should be present in inclusions as feS or (Te, Mn)S. The 
loss of ductility increases with increasing amount of inclusion 
material. 

i. 1.2 Ah lsotropv 

The sulfides are very plastic at high temperatures 
and they get elongated in the direction of rolling. They 
thus contribute to the anisotropy of mechanical properties 
relative to the longitudinal and transverse directions. 

Sulfides lower the ductile fracture level of the steel longi*- 
tudinally as well as transversely. 

1.1.3 Impact 

In the case of nickel mar aging steels, the influence 
of sulphur on impact properties is highly pronounced and 
maximum of 0,005 to 0.01 pet, of sulphur can be allowed in 
such steels. In high strength steels even lower sulphur 
contents have a marked influence on resistance to sudden 
crack propagation in the longitudinal as well as in the 
transverse direction. 
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1.1.4 fatigue 

Depending upon the steel composition sulphur lowers 
its transverse fatigue resistance. An increase in sulphur 
content of steel has detrimental effect on transverse fatigue 
resistance, 

1.1.5 . Weld defects 

Damellar tearing is considered to be the most serious 
cracking problem during welding of sti'uctural and pressure 
vessel steels. Sulphur in steel gives rise to lamellar 
tearing in weld joints. Also sulphur imparts porosity in 
weld joints. The concentration, size and distribution of 
sulphide inclusions are controlling factor for the problems 
in weld joints. 

1.1.6 Oonclusion 

It is clear from the foregoing sections that presence 
of sulphur in steel is not at all desirable. The sulphur 
levels in structural steels should be less than 0,035 Pet and 
less than 0,02 Pet for q.uality steels. 

To achieve low sulphur in steel, varieties of processes 
are in operation throughout the world. The origin and control 
of sulphur in steel are dealt in the following sections. 

1 . 2 Origin of Sulphur in Steel 

Bulk of the steel is commercially produced through 
the traditional route of blast furnace/lD or blast furnace/ 
openhearth, while a small fraction is also produced by other 
methods such as electric arc furnace melting of scrap, DR/BAB 


route etc 
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Efcie major source of sulphur input to the blast furnace 
is through coke,, TOlth a very anall fraction entering with sinter 
or iron ore*' Sulphixr in the blast furnace is favourably distributed 
between slag and metal due to the reducing conditions inherent 
in blast furnace smelting of pig iron.! A typiceil sulphur 
balance in a blast furnace is shown in Table 1,.1. 


It is apparent that a very small fraction of aulph^ 
entering with the burden leaves with flue gases. As coke burns 
at the tuyeres, sulphur is picked up by Hg and CX) gases to form 
I^S and C50S. As these gases come in contact with iron bearing 
and GaD bearing materials, sulphur is absorbed to form PeS 
and GaS and it descends to the bottom along with the rest of 
materials in the molten fo33m*' 

1,3 Control of Sulphur in Steel 

4*3.1 Suluhur control in blast f menace iron 

Sulphur^ i^ charge materials is absorbed by the ^ ^ ^ ^ ^ 
metal and slag in the bosh or shaft and the final transfer of 
sulphur from metal to slag occurs in the hearth. 


If the distribution coefficient of sulphur is 
defined as ratio of wt pet *S*, in slag to wt pet ‘S ‘in 

'■metal^:d,e*' ^’.''-, ■ 

level in hot met al can be written as follows* 

■ ■ iO.O. vS.! a. . 

t®] “ iooa 

wherie and weights of sulphur entering 

with burden, and slag respectively in kg/ TEIM,! It is assuoaed 
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Uable 1.1 (lief.1) 

A :i?ypical Blast Itonace Salphur Balaace 


Material 

Sulphur 

input 

Sulphur ourput 


Kg/IHM ?ct. Of 

ib t aJL 

Kg/'fHM 

Pet. of 
•fotal 

Goke 

6.0 

80 

— . 


Ohar-ge Materials 

1.5 

20 



Iron 

— 

- 

0.30 

4.0 

i'lue dust and gases 

- 


.0.37 

5,0 

SlL-g 

•• 


6.83 

91.0 

Ibtal 

7^5‘ 


7.5- 




. . : : ■ 6 ' 

that no sulphur leaves with flue gases* Equation (1,2) is 
plotted in Figure 1.1. low sulphur in hot metal can be 
achieved only at higher values ■unless slag volumes are 
excessively high. High slag rates can lead to high coke 
rates which in turn ■will increase values and hence 

[ S ] Hence the only effective method of producing low[ s ] 
iron is to adjust slag composition and tesnperattire in such 
a manner as to get high sulp hur dis tri bution ratio s in the 
'hlast fumaee,' ' 

High sulphur distribution ratios are obtained in a 
blast furnace by maintaining high slag basicity i.e, 
CGaD+Mg 0 )/Si 02 ratio and high metal temperature and their 
effects will be discussed later.! Qhese factors lead 
increase in carbon rate bf the furnace as shown by Flint by 
the regression analysis of large plant data*' He reported 
that carbon rate inGreases in a cur -vd linear fashion as shown 
in Figure 1 .2 and this data is still used by many operators 
in making the techno ecoiiomic studies to control s'ulphur in 
the blast furnaces, 

1 .5. 2 Sulphur control in steel making 

H^oval of sulphur from the hot metal during refining 
by the oxidation process is very limited due -to high FeO content 
of the slag.' It is not possible -to have sulphur distribution 
coefficient values greater than 5 or 10 and it puts the 
limit to which sulphur can be-reinGyed in a steel making process. 
In most of cases only fifty percent of sulphur can be removed 
from the melt during refining.! Favourable conditions for 
sulphur removal include high basicity i.e.^CaD-HIgO/SiOg ratio. 





FIG. 1 



Sulphur Level , % 

FIG. 1.2 EFFECT OF SULPHUR LEVEL IN HOT METAL ON 
CARBON RATE IN BLAST FURNACE. (Ref. 2) 
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good fluidity of slag and high temperature. Sulphur input via 
hot metal, ores, fluxes and fuels must be minimised to produce 
low sulphur steel for achieving better mechanical properties, 
'lypical sulphur balances in open hearth and 1.3. processes of 
steel making are given in 'Dable 1.2. 

Electric furnaces offer ideal conditions for producing 
very low sulphur levels because high sulphur distribution ratios 
are possible in the reducing period, where EeO in the slag may 
not exceed 0.1 percent, Full discussions on the thermodynamics 
and kinetics aspects of sulphur reactions during steel making 
lie outside the scope of present investigation and are not 
reported in this work, 

^•3.3 External da sulphur is at ion of iron 

External treatment of hot metal to get rid of sulphur 
is being widely practised all over the world, fhe techno- 
economic considerations do not normalij^ justify the sulphur 
removal to low levels in either blast furnace iron making or 
in 13 steel making, lesulphurising agents such as soda ash, 
lime, calcium carbide or magnesium are either added or injected 
to the metal in a suitable manner to enhance the rate of 
sulphur removal from the metal to the slag, 'Ihe slag formed 
must be removed from the ladle more effectively otherwise 
sulphur reversion may occur during steel making. 'Ihe following 
factors will govern the choice of the process technology and 
the d'sisulphurising agents in any steel plant, 

(1 ) Hot metal composition and its temperature, 

(2) Initial and the final sulphur levels in hot metal. 
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lable 1 . 2 

A lypicS-l ’S' Balance in ED/ BOH Steel Making 


Process 

Input , 

Kg/M 

Output 

, Kg/THM 


^in 



^out 


Hot metal 

0.48 

Steel 

0.35 

ED 

Scrap 

0.07 

Sla^ 

0.20 


Total 

■ 0.55 

'Total 

0.55 


Hot metal 

0.13 

Steel 

0.250 


Scrap 

0.15 

Slag 

0.135 

BOH 

lame stone 
and 

dolomite 

0.06 




Pluorspar 

0.020 




Plame 

gasses 

0.025 




03otal 


0.585 


Ototal 


0.385 


•11 

(3) Space . limitations in the plant. 

(4) Cost of installation of deaulphurisation unit isnd 
. eperation costs. ■ 

(5) Effectiveness of, slag removal after desulphuriaation, • 

(6-) iv-iilability and cost of desulphurising agents, 

fhe following difficulties mav be encountered during 
any external .lesulphurlsation: 

(O' freezing of the top layer metal in the ladle may 
occut to -give high skull losses, Driis also oiciKes 
addition of desulphurising agents to the bath very 
difficult. 

(2) • Sulphur rich blast fuica&ce sl^sgs may accompany the 

metal and create difficult conditions for ’S’ • 
removal. 

(3) ’ ladle lining may get damaged due to addition of some, 

desulphurising agents, 

(4) . Environmental problems, , 

(5) ■ ixtr a ■ handling and .delay in the transpoTt -of the iron 

ladles. . ■ 

(6 ) ■ Inefficient- removal of slag from the ladles after 
. the external desulphu-risation of hot metal. 

Tarious methods and desulphurising agents ha'^re been 
used in the last two decades and thoss are summarised in 

lable t.3. • ■ 

fhe station for ladle treatment of metal c^x be located 
either near the blast furnace or near the mixer in the steel 
making shop depehdij;^ upon the existing conditions in a 
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Table 1.3 

Methods of Desulphurisation 


Desulphu- 

r'ising 

agents 

ivbde of 
addition 

Reagent 

Quantity 

Kg/THM 

*S ’-Range 
Pet. 

Itempera- 
ture ^ 
drop 

Remarks 

Soda 

ash 

Balk 

addition 

10 

.10-. 035 

60-70 

Attacks ladle 
lining, forma 
corrosive 
liquid slag 

Lime 

Injection 

10-20 

o 

! 

• 

O 

ro 

70-100 

Large slag 

VO lime 

Lime - 
Soda ash 

Injection 

8-10 

.05-.02 

50-80 


Oalcium 

Carbide 

Injection 

4 

.05-. 02 

15-20 

Expensive , 
good for low 
sulphur 

Mg-Ooke 

(45 

percent Mg) 

Plunging 

0.7 

.048-. 022 

5-15 


Mg-granu- 

les 

Plunging 

.7-1.2 

,O5-.O03 

5-10 

Good for very 
low sulphur 
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particular plant. It may also be possible to desulphurise 
the metal externally in the blast furnace cast house itself 
where slag can be removed efficiently in the runner but initial 
sulphur will not be known and the process may create practical 
troubles for the tapping crew. In most cases a separate external 
desulphurisation station is installed between the blast furnace 
and mixer for taking all necessary steps and precautions for 
the process optimisation.. 

Ihe present investigation vja-s undertaken primarily to 
study the manganese/sulphur interactions in iron carbon 
alloys in the temperature range of 1200*^ - 1400*^0, The role 
bf manganese on the desulphurising power of oxide slags at: 

1400^0 was also studied as J^s information was found to be 
lacking in the literature. Suitable arrangements were made 
to design and oonduct a few experiments under controlled 
conditions,. The experimental results are supplemented by 
theoretical calculations based on the available thermodynamic 
data relevant to the systems of interest in the present study.. 

The comprehensive literature review is given in the 
next chapter which is followed by full details on the plans 
of the present work,. Results of the theoretical calculations see 
given in Ghspter 4 while Ghepters 5 and 6 give experimental 
details and results respectively,’ on the findings 

of the |n?esent^^^^^^w^ and comparison with the results of other 
investiga-tors are given in Ghapter 7 •' CSiapter 8 gives the sunimary 
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aoad conclusions of this wook while recommendation for further 
work are given in Ohctpcer 9. 4 complete blolography is given 
at the end of this thesis. 



CHiP'rER ^ II 


t5 


LIESRAHJRE REVIEW 

2.1 Intro duction 

Scientific investigations on desulphurisation of pig 
iron started as early as the 1930 *s and since then much 
work has been done to study the slagnnetal and gasnnetal 
eq.uilibria. Some fundanent^ work pertinent to desulphuri- 
sation of iron has also been carried out.i A con5)rehensiv-e 
literature survey is presented in this chapter. 

2.2 Preliminary Studies 

First studies on the desulphurisation of pig iron 

55 4. s 6 

were done by Wentrup-^, Holbrook and Joseph^’- and Oelsen * 

Wentrup found that desulphurisation was improved 

,. by 5-owering the temperature in presence of manganese in 

pig iron. For the Fe-S-Gar-O-Bhi-Si syatem, Wentrup defined 

the desulphurisation ratio i.e.* the distribution of sulphur 

between metal, and slag by the ratio of GbtalCs) in slag to [s] 

!Ibtal(S)in slag 

in metal. 0^ of was experimentally 

[ sWal 

found to be 876.5 for slag containing G.1 pet FeO, 30 pet CaO 
and zero pet Si.0^ and 145.2 for slag containing 2.4 wt pet F^. 
Wentrup concluded that if FeO and Si02 content of slag were 
kept low, then lime in slag could be ah effective desulphuriser* 

Holbrook and Joseph^ Studied the desulphurising 
power of blast furnace slags, and defined it as the ratio 



( s) 

, Hiexr expeciments were carried out under 

standardized lalDoratory conditioijs and revealed that, in 
magnesia free slags the desulphurising power increased 
rapidly as lime replaced alumina and slowly as alumina 
replaced silica.. Hie desulphurising power decreased slightly , 
with the addition of magnesia to the acidic slags and increased 
markedly when magnesia was added to very basic slags. ^ ' 


Systematic work on the distribution of sulphur between 
Slag and metal by first finding the activity of sulphur in 

7 

the iron base alloys was carried out by Chipman and oo -workers . 
Hieir findings are described in the following section.' 



thermo dynaaio data 

The e: 5 ^€arimental approach to determine the aotivity of 
sulphur in the melt required the attainment of equilibrium 
between the sulphur in the melt and gaseous atmospheres 
containing hydrogen and hydrogeu sulphide. The reaction and ' 
its equilibrium constant are voritten as follows: 

= HgS (gas) (2*1) 4 

Giie standard free energy change of reaction (.2,1 ) can be 



(a.2) 

(2.3) 

(2.4) 


X 
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v(^ere, sad ace the partial pressures of H2S and 

Hg respectively in the gas mixture, fg is the activity 
coefficient of sulphui* in the liquid metal and [wt ^ S ]is 
the percentage of sulphur in the melt. 


Ihe activity of sulphur, a^, in the melt can be 
described by the following equation; 

Sg = fg [wt ^ S ] X 2 . 5 ) 

In a multi component system containing solutes » * 

log f_ be represented by the following equation; 

■ ■ ■ S , 


log fg = log f 
_ i 


+ log f + 
^2 


Si ° “Sr- " 


where, log fgj_ = e^ [wt ^ i ] 


( 2 . 6 ) 

(2.7) 


Si 


■i] 


Cg is the interaction parameter (Henrian) i*e*' the interaction 

- i 9log f 

of sulphur with solute and is defined as et == r — ^ ’ 

s a 

where, f g -♦ 1 as all the wt of solutes 1,2,, 01 
Hence at zero concentration of sulphur j the equation (2.4) 
reduces to the following; 


jr rs - ^ 

2.1 p 


(2 . 8 ) 


I 

2.1 


[vrt ^ S ] 

Ihe R*H,S. term of equation (2,8) may be described as 
at any other concentration of sulphur,' By fixing P np .q/P yj^p 

ratios and finding the corresponding equilibrium [ wt^ S ] in 

r ■ ■ 

the melt, - values can be computed* A typical plot of 
1 

log K_ . versus sulphur percent is shown in Pig.: 2.1. By 

ni m i ■ 

■ t • ■ . :■ ■ 

extrapolating Kg ^ to zero pet sulp bur j. value of K^^l can 
be detemined*i^^ 2^ any finite concentration, 

activity ooeffiedent of sulphur can be deteimihed as fo^^l^^ 
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f 


s 


r 



(2.9) 


Similarly activity co-efficient fgj_ in presence of solute 'i’ 
in the melt can be determined and from equation (2.7) 
corresponding interaction parameter can be calculated, 

2*3.2 ge-S systm 

The standard free energy of formation of H 2 S from 

1 1 

gases such as H 2 and $2 was reported as follows > 

1 

^2 2 ^2 "" H2S3AG-2^-jQ = - 21820+11.92 T Cal. (2.10) 

1 2 

Ban-ya and Ohipman calculated the standard free energy of 
formation of reaction (2.10) by finding the heats and 
entropies of formation and reported the following; 


" 2'>,550 + 11.75 T Gal. 


( 2 . 11 ) 


They also determined the equilibria constant experimentally 
as fimction of temperature in the range of 1 500-1 600°C and 
reported the results ais follows; 

H 2 + S = H 2 S . (2.12) 

2350 

log 12,12 ^ ■" “TT ^ '*54 (2.13) 

or A^2 12 "" 10750 + 6.13 T Oal. (2.H) 


Combining equations (2,1 1 ) and ( 2 , 14 ); 



S ,A &2 15 = " 32,280 + 5.60 T Gal. 


(2.15) 


Heat of solution of 'S’ in iron was estimated as - 32.28 KGal/rdole 
with uncertainty of + 2.5 Kcal/mole at 1600° G, but corresponding 



uncertainty in4.G-° did not exceed 0,4 koali 

Activity coefficient *fg* varied -with content 
of iron at 1600^0 up to 5 pct *S* s-s follows*^^; 

log fg^^ ^ - 0,0282[^S] (2.16) 

Ecom this e® is calculated, -0.0282 which agrees with the 

7 

value used by investigators earlier , 



'Sie solubility of sulphur in iron— carbon alloys was 

investigated by Morris and Buehl by equilibrating the 

melt with - HgS gas mixtures as explained earlier.* The 

10 

results of Morris and Buehl are given in Pig.' 2. 2, 

Increase in the activity coefficient of ^Iphur 
due to presence of carbon in the carbon saturated melts was 
found to be much greater than the earlier studies reported by 
Eitchner et al whose daf a GOuld not be relied upon due to 
their wide scatter,; 

Prom pig. 2,2 , Sg value could be 0,12^^ carbon 

concentrations of 1 or 2 wt pet, but for carbon concentration 
beyond 2 pet^ log fg versus [wt jS C] plot is not linear and 
equation 2,7 can not be applied directly to find e2 value. 

Ihe slope of log fg versus C ] plot at 4*“5 pet carbon level 
is around 0,24 which has been reported as the interaction 
parameter value by some investigators later , 

Stome investigators^^ have reported an average value 

of e° as 0,;1 5 for thermodynamic calculation purposes to give the 

. '■■■ ' ■ ■ ■" ■ -10 

same value of fg as determined experimentally by Morris and Buehl 




RG. 2.2 EFFECT OF CARBON CONTENT ON ACTIVITY CO- 
EFFICIENT OF SULPHUR IN IRON AT 1600°C. (Ref. 10) 
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in the carbon level of 3-5 Pet. It might be desirable to 
use 4.35 pet. Carbon in iron as its standard state as 
mentioned by Morris and Buehl, who reported the following; 

1 

“ ^ 2 ^®^ = ■§■ (4.35% a) (2.17) 

A 0 - 2. 17 = -23,880 + 3.90 1 Cal. ( 2 . 18 ) 

Equation (2.1?) is related to the equation (2.15) by the 
following; 

^®U.55%0) = 

fg is found to be 4.2 at 1600*^0 at 4.557 G* Since the slope 
of log fg versus [ % G ] plot is 0.24 at this carbon level, f 
at any other level of carbon can be determined as follows; 

log fg = log 4.2 + 0.24 (x - 4 . 35 ) ( 2 . 20 ) 

where, x is the Wt. Pet Carbon in the melt. 

2 . 3.4 Effect of alloying eluents 

7 

Sherman and Ghipman investigated activtiiy of S in 
melt of iron containing various alloys such as f>&i, P, Al, 

Gu, Si etc. at 1600®G. Hieir result o o s umiu ed xn 

Pigure 2.3. Prom log fg versus ?/t % i plots in each case, 
e^ can be calculated applying equation ( 2 . 7 ). Ihe interaction 
parameters value are summarized in Table 2.1. 

Their results of Pe-S-Si system agreed with those 

9 

obtained by Morris and Williams . 


O CQ 
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Table 2*1 (Ref. 7) 

Effects of Small Ooncentrations of Added Substances 
on Activity Coefficient of Sulphur 


i = third component et: = Slog i) 

s s 


G 

+ 

0.113 

Si 

+• 

0.065 

P 


0.045 

A1 

•f 

0.054 

Cu 


0.013 

Mn 


0.025 
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' , Morris"^"^ investigated the activity of sulphur in 
the .melt containing carbon and manganese by equilibrating 

with a known H2S/H2 ratio at 1600^0. His results are given 

\' 

in Table 2.2* His experimental results match well with 

7 • 

those of Sherman and Ghipman as can be seen by the good 
agreement in fg values in Table 2.2. 

■2,4 Slag Metal Squilibrim 

•ic: 

Hatch and Ghipman made an extensive scientific . 
study of the sulphur distribution equilibria ‘between blast 
furnace slag and metal. They melted 200 g of metal and 
400 g of slag in an induction furnace^ in a graphite 
cruicble under controlled atmosphere of carbon monoxide*^ 
Constcait stirring of the batch was provided using a graphite 
rodi , 

Equilibrium wbs reported to have been reached in 4 to 6 
hours of time depending on the viscosity, temperature and 
composition of the slag,- Attainment of silicon equilibriian. 
was reported slower than that of sulphur. Dieir equilibfiiia 
data are STiomarised in Fig. .2,4* 


Their results are often used to determine the 
equilibrium sulphur distribution ratio S) /[<fo S ] at 
different composition of the slag for comparison with actual 
values obtained in the iron making and steel making conditions. 


GalGulated sulphur distribution ratios from the equilibrium 

GaD 4- 


data at different 


SiO "T'^TCq . are given in Fig, 2.5 « 

2 2 3 ' 
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Table 2.2 (Ref.H) 


Oomparison of Values of fg Obtained by Morris with the 
Calculated Values Using Data of Sherman and Ghipman 


Temp. 

H2S 

~ xIO 
®2 

3 ° 

Pet 

Mn 

Pet 

S 

Pet 

^s 

(Morris ) 

■^s -^S S-^S 

(Oalculated) 

1600 

2.36 

0.0 

2.2 

1 .04 

0.90 

0.83 

1600 

2.40 

2.2 

1.8 

0.54 

1.77 

1.47 

1600 

2.42 

4.0 

2.8 

0.29 

3.32 

2.63 

1600 

2.37 

Saturated i,8 

0.17 

5.55 

5.46 

1500 

2.40 

Saturated 2.4 

0.19 

5.84* 

- 

0 

0 

2.34 

Saturated 1.0 

0.20 

6 . 50 * 

— 


* Recalculated by using equation (2,1 3 ) and Morris's data, 



V. CaO ♦ % MgO 


FIG. 7 4 METAL ISO-SULPHUR LINES FOR l.L % SULPHUR 
SLAGS AT 1500°C AND 1425°C. (SLAG. COMPOSITION 
IN WEIGHT %).(ReL 15) 




Molar Ratio 


ON DESULPHU! 
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2.5 Sulphur Reactions and Sulphur Gontrol in Blast Purnace 


B/Iany studies are reported in the literature to enhance 
understanding of the sulphur reactions occuring in iron and 
steel making processes^ O-ver all sulphur transfer between 
slag and metal can be written as follows;. 


[JeS] + (OaO) = (GaS) + (?e0} (2.21) 

The equilibrium constant for reaction (2.21) can be expressed 
as follows; 

K„ 21 = (2.22) 

• t (aggj) 

where aQg^g, ®’0a0» ®'j?eS ^^P^^^sent the activity of GaS, 

PeO, GaO in the slag phase and that of PeS in the metal phase 
re^ectively. 


PeO in slag can further combine with carbon or silicon 
in iron to give GO gas or Si02 in slag, 'The over all sulphur 
transfer reaction in presence of carbon can thus be written 
as follows^^; 

OaO(s) + S(1 Pcii) + G(gr.) = 0aS(s)+0O(g) (2.23) 

The equilibrium constant K_ for reactLon (2,23) is Yirritten as 

O 

follows; 


K 


s 


^GaS 


^GO 



(2.24) 


where fg is the activity co-efficient of sulphur , in the melt 
and it is believed to bo around 7 for carbon saturated iron, 
a,n is activity of carbon in melt and may be taken as unity for 
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carbon saturated iron, Pqq is partial pressure of GO. iSie 
temperature dependence of the equilibrium constant Kg is 
determined by finding the standard free energy change of 
the reaction (2.23) by knowing the free energy of formation 
of each species and is given by; 

6010 

log K = _ + 5,955 (2.25) 

® I 


Data on standard free energy of solution and formation of the 
oxides and sulphides sre given in Tables 2.3 and 2.4. The 
activities of OaS and GaO relative to pure solids may be 
represented in terms of their raole fraction and activity co- 
efficients; 

%aS ^ ^ , (Wt.Pct.S) 

^GaO 32 (Wt. Pet. Gao) "'^ClaO 


Simplifying equation (2.24) for carbon saturated iron in 
a blast furnace, 


(Vft.Pct.S ) 
[wt.Pct. S ] 



(wt. Pet. GaO) 


10 


6010 


+ 5.955 


(2.27) 


CaO 

Values of ^Qao/'''^GaS different ratio of the 

^ 27 

slag are taken from the work of Sharma and Richardson and 
the equation (2,27) is plotted in Pigure 2.6, In the bosh 
region of the blast furnace GO content of the gas is around 
35 Pet .and Pqq close to 1 atm. At temperature 

of 1500^0 at the bosh, the sulphur distribution ratio, 
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Table 2.3 

Standard 5tee Energy of Solution of Various 
Elements in Liquid Ii*on 

M(pure) = M (1 percent solution, Hypothetical) 

(Ref. 29) 


Element, State 


C!al 


0(gr) = GCwtfo ) 

Ma(i) = mCwtf- ) 

1 

-0 (g)= Q(Wtfa) 

2 2 

Si(l) = Si (Wtfo ) 

1 

“ s (g)= s(wt% ) 

2 


5,100 - 10.00 T 
- 9.11 T 

-28,000 - 0.69 T 

- 28,500 - 6.09 T 


-51,520 + 5.27 T 
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Table 2.4 


Standard Eree Energies of 
at Steel Making 
R£?.29. 

Rormation of 
Temperatures 

Gompounds 




= A + 

ST Gal. 




Reaction 

Tem^. Range 

K 

(A) 

(B) +EGal. 

£(^) • 

+- O^o) = GO(g) 

1700-2000 

-5,350 

-9.48 


Oxides 

Gad) 

1 

+ 2 02(g)=GaO(s) 

1 500-2000 

-152,850 

-t25.78 

1.0 

C-(S) 

+ ~ 0^(g)=GO(g) 

1 500-2000 

-28,200 

-20.16 

1.0 

Mnd) 

+ - 0 (g)=MnO(.s) 

2 

151 6-2000 

-97,550 

+21.22 

1.5 

Si(l) 

+ 02(g) = Si02 

1686-1 986 

-226,500 

+47.50 

3.0 

Sulphides 

Ga(l) 

+ 1 S2(g) =OaS(s) 

1500-1765 

-132,060 

+25.91 

1.0 

H2(g) 

+ 1 SpCg) =HpS(g) 

2 ^ , 

1 500-2000 

-21,540 

+11.73 

0.5 

1*6 (y) 

+ ~ SpCg) =?esa) 

1500-1665 

-27,130 

+ 6.32 

1.0 

Ee(S) 

+ ~ S^Cg) = J?es(l) 

1665-1S09 

-26,700 

+ 6.06 

— 

Ee(l) 

+ “ SpCg) = EeS(l) 

1809-2000 

-29,970 

+ 7.90 

— 

Mn(l) 

+ ^ S2(g) = 11^(8) 

15 16-1803 

-69,250 

+19.18 

2.0 

Mn(l) 

+ ~ S (g) =MnS(l) 

2 ^ 

1803-2000 

-63,100 

+15.77 

2. 0 
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i.e. r~r~i should be above 100 for — — ratio greater than 
L S J SiO^ 

1.2, Gompared to actual range of 20 to 50 in modern blast 
furnaces. If p^Q is taken to be 2-4 atm. the calculated 
values will agree well with the actual value, Pqq values 
of 2-4 atm. may exist in the hearth of the furnace at slag 
metal interface where CO evolved is not diluted by Ng in 
the blast. 

It may thus be concluded that slag - metal equilibrium 
is more or less reached in the hearth of blast furnace where 
small metal droplets trickle dovra a depth of molten slag layer. 
Hiis equilibrium is not easily reached in the bosh. Similar 
arguments also explain the observed silicon and manganese levels 
in modern blast furnaces where slag metal equilibrium may. be 
assumed to be prevailing in the hearth at Pqq values of 5*-4 atm. 

Some confusion exists in the literature as silicon 
and manganese reduction reaction are believed to be sluggish 
and sulphur equilibrium is not believed to reach equilibrium. 
These arguments are valid if p^Q is taken to be around 1 atm, 
only. Many workers therefore proposed different mechanisms 
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for transfer of sulphur from raetal to the slag phase Ipt the 

slag sulphur may be present as S ions, oxygen as 0 and 

I . 

Mn as Mn and sc on. Electrical neutrality of the slag 
must be maintained for any reaction to proceed. Thus King 

2R 

and Ramadhandran demonstrated that transfer of sulphur 

from the metal to slag must be accompanied by the transfer 

26 

of Si and Mn to the slag, lEurfcdogan analysed large plant 
data and found more agreement for the sulphur and manganese 
coupled reaction, i.e. 


[ Mn] + [S ] + (GaO) = (GaS) + (MnO ) 


(2.28) 


£ = ^GaS ^MnO 

9080 

^^^ 2 . 28 = ’“T— 


(2. 29) 

( 2 . 30 ) 


The plot of [ito.]/ (MnO) versus — ^ at 1500 G shown in 

L S J 

figure 2.7. Reaction (2.28) will be equivalent to reaction 
( 2 , 23 ) if[Mn]in metal is assumed to be governed by the 
following reaction; 


(MhO) + G(gr. ) =* {Mn] + G0(g.) (2.31) 

As explained earlier Pqq must be taken to be 3-4 atm, in 



PIANT DATA 
EQUILIBRIUM 


[%MnJ/(%MnO) 

RG. 2.7 EQUILIBRIUM SULPHUR AND MANGANESE DISTm- 
BUTibN RATfOS AT t500°C COMPARED WITH PLANT 
DATA. (Ref. 26) 


order to calculate the theorfitical [Mn] content of metal 
for better comparison with the actual data for a blast 
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furnace, 


Similarly, the reaction inYOlving silicon is 


represented by; 


OaO (s) + i Si(l Pet) + S (1 Pet) = GaS(s) + - SiO„(s) 

2 ■“ ^ 

(2.32) 

Ihe temperature dependence of the equilibrium constant 


^Si-S 


i / 

(apas) (asi02^ _ 
(^GaO^ f^Si -i J 


can be determined as follows, 


log E 


9865 




4.52 


(2.53) 


(S) [Si] 

— ratio is plotted versus — — — in Figure 2.8. 
L sJ (SiO^; 


In some blast furnaces operated with high ash coke; 3, 

Si, Mn reactions may not reach equilibrium with respect to 

carbon due to a different mechanism for the reduction of Si 02 

i.e. due to formation of SiO, SiS vapors at the tuyere of ^ 

26 ^6 

blast furnace'^ . She coupled reactions described by 
equations (2.28) and (2.32) may however still try to reach 
equilibrium in the hearth. 

'Mn' content of metal will be governed by the following 

reaction; 

[Si] + 2(lhi0) = 2![Mn] + (Si02) (2.34) 

^®Si02) C %n] 

[ ag.] (ajij^) 


^Mn-Si 


(2.35) 



(% s)/ r% s] 


30 


i I 



FIG. 2.8 EQUILIBRIUM SULPHUR AND SILICON DISTRIBUTION 
RATIOS AT ISOO^C, COMPARED WITH PLANT DATA. 
{Ref. 26) 
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1570 

%In-Si (2.36) 

In such cases silicon replaces carbon as a reducing agent 
for the reduction of ihiO, Or 2 ^-^} 1102 etc. 

2,6 Effect of lemperature on Solutbility of Sulphur in . 

Presence of I/In 

2.6,1 l aboratory studies . 

Oelsen® studied the solubility of MnS in carbon 
saturated blast fxirnace iron and reported that the solubility 
of MxiS decreased in the melt with decreasing temperature as 
shown in Eigure 2.9. 'Si', and 'I’' content of the blast 

furnace iron were not specified by Oelsen. 

14 

Morris studied lin-S equilibrium in Ee-0 alloys by 
stepwise addition of manganese. His results are summarised in 
Eigure 2.10, Morris reported that [ Mn?S] [ ] product was nearly 

constant over a concentration range of 1 to 7 Pet, Mn, at a 
fixed temperature, fhe average values of [l&a?S]LS^] products 
were 0.05 and 0,26 at temperatures of 1200^0 and 1400^0 
respectively, matching well with Oelsen's work. At 1600^0 
the [Mn%] [S%] product incresised from 0,8 at 1 pet. Mn to 1.2 
at 7 pct.Mn. Ydiere as according to Oelsen’s [Mn^][S9^] product 
increased from 0.57 at 1 pct.Mn to 0.92 at 4 pet. iln, at the 
same tonperature, ■ 

Morris concluded from his. data that manganese alone 
could not be an efficient desulphuriser except at temperatures 




Manganese , "/ft 


FIG. 2.9 EFFECT OF MANGANESE ON SOLUBILITY OF 
MANGANESE SULFIDE IN HOT METAL. (Ret. 6) 


log ®/» Sulphur 




fig: 2. 10 EFFECT OF MANGANESE ON THE SULPHUR GONTENT OF 
CARBON SATURATED MELTS OF IRON IN EQUILIBRIUM 
WITH MnS-FeS. SLAG. (Ref. 14) 
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below the normal operating range. However he predicted that 
in the presence of an oxide slag, manganese could be more 
effective as a desulphuriser than indicated in his results, 
due to lowering of the activity of manganese sulphide in the 
slag, Ihis aspect of decreasing (i.e, activity of MnS ) 
in slag was not studied by him, 

2.6.2 Industrial data 

^ 

If initial sulphur level in iron is high, and the. 
temperature of metal decreases during the transit of the 
ladle, some sulphur* may precipitate out as IvInS. Corresponding 
drop in Mn content of metal may be too small to be noted as 
the concentration of sulphur does not normally exceed 0.05 Pet, 
Prop in sulphur may be of the order of 0.01 to 0,02 Pet* and 
it can account for 30 to 50 Pct*of sulphur removal in the 
slag, Rourkela steel plant has been producing the blast 
furnace metal with Mn contents of 1.5 to 2.5 Pot* consistently 
over the last many years. There is a substantial difference 
in sulphur levels of the samples taken at the time at blast 
furnace tapping and at the time of taking out metal from the 
mixer. Typical Mn and S levels in furnace iron and mixer 

iron are plotted in Pigure 2,11 for comparison purposes. 

More details regarding metal temperatiire, mixer slag composition 
etc, are not available. Slag is ?-ikely tc contain Ga0,Si02> 
Al20^, MnO, PeO, and sulphur as its origin may be due to the 
carry over slag from the blast furnace, oxidation of metal in 
the mixer, addition of coke breeze to the top layer of iron 
ladle, fomation of MnS due to lowering of temperature etc. 



SULPHUR •/• MANGANESE V* 


MIXER 

B.F. 




1981 

JAN JAN 


MIXER 


JAN MAY MAY/JUNE 
PERIOD 


FiG. 2.11 INDUSTRIAL DATA ON MANGANESE AND SULPHUR 

LEVELS IN BLAST FURNAGE (RON AND MIXER IRO^^ 
(SOURCE -ROURKELA STEEL PLANT) _ 
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A typical mixer slag composition is given below; 

GaO = 20 % , SiOg, 40 % , AlgO^ = 20 % 

J'eO =5^ , 3 = 0.70% and the balance may be . 5‘e.,,i-MnO, 
MgO etc. 'Ihis slag must be removed carefully as to take ftill 
advantage of sulphur removal as MnS, otherwise sulphur would 
revert to metal under oxidising condition in the ID steel 
making where metal temperature may rise to 1600^0. Rourkela 
Steel Plant has acquired 3 slag racking machines for this 
purpose. 

Mn may not act as desulphuriber alone to attain the 
lower 'S ' levels in metal and it may be necessary to add 
desulphurising agents such as CaO, Ga02j Ra2C!0^ etc. 

Rourkela steel plant has incorporated the facility of external 
desulphurisation where 0a02 VOwieT is injected to metal using 
coated lances and air as carrier. Other plants like Bhilai, 
Bokaro may also have such facilities in their expansion pro- 
grammes. It is not known how the presence of Mn in metal 
will influence the desulphurisation capacity of these agents. 
Results of the laboratory investigations reported in the 
present work may be helpful in better up-d erst ending of the 
role of Mn in the external desulphurisation of iron. 
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GHAPIER III 
PLM POR PRESENT WORK 

Prom tile available literature and the industrial data, 
practical importance of ’Mn' and 'S^ reactions in blast furnace 
iron can not be under estimated. Rowever, few scientific 
studies are available in the temperatui'e range of 1200^0 to 
1400°G, which may usually occur in the transit of metal from 
the blast furnace to the mixer and during external desulphuri— 
sation of iron. The present v/ork was aimed at making such 
studies under controlled conditions in the laboratory. Bie 
work may be described as foll.ows; 

(1 ) ‘The literature survey comprising the critical evaluation 
of the necessary thermo d3rnamic data. 

(2) laboratory experiments to establish relationships between 

% 

'lln' and 'S * in the Pe-0 alloys in temperature range 
of 1200-1 400° G with or without any slag additions. This 
included fabricating a silicon carbide furnace, making 
Pe-G alloys, melting the alloy under argon atmosphere 
in a graphite crucible, dcawin^ samples with a quartz 
tube and careful analysis of sulphur and manganese in 
the laboratory, 

(3) The effect of 'ISa' in metal on -Ghe desulphurising 

power of the oxide slags was studied by making synthetic - 
slag of Ga0-Si02-Al20^ in the laboratory and equili- 
brating- the melt at 1400° G with those slags for 4-6 
hours of duration. Samples were either drawn from the 



melt or taken from the solidified mass in the crucible 
after the diiration of experiment. Pure lime was also 
used as a desulphuriser in some experiments for 
comparison purposes. 

Svaluation of the laboratory data by developing 
suitable theoretical and multicomponent models and 
by comparison with the other published data in such 
system, 

Oollection and evaluation of industrial data to 
signify the practical importance of the present work. 



47 


CHAPTBR lY 

RESULTS OF THEORETICAL OALGULATIORS 

4.1 Evaluation of Reported 'Biermod:^naamic Lata 

«rAs mentioned in Section 2.6.1, solubility of sulphur 
in iron carbon alloys decreases with addition of Mn to the 
alloy at a constant temperature and with decrease in temperature 
at a constant Din level. It is also possible to determine 
theorfi-tically the sulphur content of metal as function of 
temperature and Win content of metal if the corresponding data 
on standard free energy of formation of MnS and the activity 
co-efficient of 'Mn' and 'S' in metal are known, 

4.1.1 Standard free energy of formation 

Ihe standard free energy change for the following 
reaction can be determined from the values given in Tables 
2.3 and 2,4, 

to (Yftfo ) + S (\nfo ) = tos(l) (4.1) 

A& 4^1 = -31,580 + 19.61 T Gal. (4.2) 

AG-^ ^ is valid in the temperature range 1803*^~2000°K 
The eRuilibri-um constant for the rsaotioa (4.1) is given 

by; 

K ^ 

fm fs ^ ^ 


(4.3) 
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and log 


6902.7 


° %ii ^ ^ ^ 

In the temperatixce range of 1516° ~ 1805°K, 


- 4.2£ 


(4.4) 


^(wt ) + S (wt^ ) = MnS(s) (4.5) 

and 5 = - 37 j 750 + 23.02 T cal (4.6) 

where, is the actixaty of .MnS is slag, and f^ are 

the activity coefficients of [Mn ] and [S ]in the melt,^ Ihe 
standard states of mangane and sulphur are chosen to be 1 wt pet 
in the solution and their activity coefficients approach unity 
v/hen the concentrations of all the solutes tend to be zero. 


4.1.2 Ictivit.Y ■ coefficient of sulphur 

I'or finite concentrations of solutes, one has to know 
the value of interaction paranieters to determine the activity 
coefficieht as follows; 

log fg =* 2 Sg Cwtf.i ) (4.7) 

i=1 ■ 

Values of interaction parameters have been determined 

‘ 7 iO 

by various vorkers * j by equilibrating the melt with H2 
HgS gas mixtures and determining the sulphur content of the 
metal.i Iteble 4.'1 summarises the interaction parameters 
at i6oo^o^^-.’>:v: 
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Table 4 . 1 

Values of Interaction Parameters at 1600°G 


Solute 3 

i 

s 

Ref. 

®Mn 

•Ref. 



0.11 

30 





0.12 

12 




0 

0.15 

10 

-0.07 

50 



0.24 

31 





0.063 

30 




Si 

0,066 

31 

0.0 

30 


,Mn 

- 0.026 

30 

0.0 

32 





- 0.0029 

30 



0.045 

31 




P 

0.029 

30 

-0.0035 

30 


S 

- 0.028 

30, 31 

- 0 . O 48 

30 



- 0.043 31 


50 


Itor carbon saturation, pet carbon is rery high compared 
to other solutes and because of this carbon-sulphur interactions 

are important, e^ values should be thus known more accixrately 

\ 

than other values. Unfortunately there is scatter in the data 

shown in Table 4.1. Sources of discrepancies in e° values 

have already been discussed in Chap ter 2. 

33 ■•o' 

Young and Glark'^'^ recently established that value 

of 0,16 I; 0,01 at 1600^0 gives the best approximation to the 

actual plant data. This is closer to the average value 

' ■ 10 " 

of 0,15 fiom the data of Morris and Buehl » 

4.1.3 Activitv coefficient of manganese 

It is generally asstimed that most alloying elements 
have no significant effect on the ideal behaviour of manganese 
in steel, but carbon is known to decrease the activity of 
manganese in iron-carbonr-manganese alloys ' The variation 
of activity 03 efficient fiy|-^ with composition in liquid I'e-G-Mn 
alloys at 1540° 0 is shown in Figure 4,1. 

From Figure 4*1 it is seen that for carbon saturated 
iron containing 5 pet Mn (broken line X ^= ^0.03) , value 
is around 0.95*^^^^^^ a estimated the activity 

coefficient of Mn in carb^ saturated liquid iron to be 0,8, 

In the present work is assumed to be 0,8, for the . 
carbon saturated melt in the absence of more accurate data,: 



I. LI., K^np^if. 


Am. No, 


M-lUA.. 


5) 



FIG. 4.1 VARIATION OF THE ACTIVITY COEFFICIENT, fS„, WITH 
COMPOSITION IN LIQUID IRON-CARBON -MANGANESE 
ALLOY AT 1450°C.(Ref. 34, 35) 

(FULL CURVE Ref. 35 AND BROKEN CURVE Ref. 34) 
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4*2 Determination of Activity Qoefficients of Sal-ph-ur and 


gem-peratnces of 1200^0 to 




Melting point of iron decreases in presence of carbon, 

For carbon saturated iron, melting point may be as low as 
1150°0* Most of tlie thermodynamic data is however obtained at 
1600°C with reference to the steel maicing conditions, ^ It is 
necessary to know the values of activity coefficients at 
lower temperatures of 1200® - 1500° C if the solubility of 
sulphur is to be calculated in iron-carbon alloys at 
temper attires less than 1600® G. In the present work, a regular 
solution model is applied 1® extrapolate the interaction 
parameters. 

Hie expression for the standard free energies of 
formation given in. lable 2*5 ‘- 3*4 are assumed to be valid 
at these temperatures though they might have been derived 
from the experimental data in the temperature range 1 500®— 1 600® G, 

For a regular solution the quantity Rf In 7^ should not 
change with ten^eraturct where R is the gas constant, H is 
temp erature in K and 7 ^ is the activity coefficient of the 
solute ’i V in the Raoul ti on scale,^ ; 

H^ End Heiir i an interaction coefficients are 

defined as.’ 'follcwsi " 


e3 - 

i 3(X^) 


(4.8) 

- 0 

^ S(log %) 


( 4 . 9 ) 

^ 9(wt5$ 3 ) 

wt ?^ i , j -*• 0 
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The term 6? corresponds to the reference state of the pure 
substance, and concentrations are expressed in atom or mole 
fractions. Hie term e? is applicable to the infinite siimal 
dilute solution as the reference state and concentrations 
are expressed in weight percents* 


As RT In '>'i is constant for a regular solution j one 
can write the following; 


RT^ e^(l) = RT^ e|(2) (4,10) 

where e|(1) and 6? (2) are Raoultian interaction parameters 
at temperatures T| and T 2 ^resp eetively.’ It is also known 
that, the two ts^pes of interaction parameters are related 
as follows ; 



250 


M,j X . 


(4,11) 


, are the molecular weights of the solute ’ 3 and the 
solvent iron. 


^ . a. 


M 


1 


0 


(4,12): 


On simplification equation (4,11 ) can be written as; 



rp rt 

1 - [ ~2 x-4-,] 




e3(2) 


( 4 . 13 ) 


e3(i) 


Henri an interaction coefficient e?(1) at tenperature T^ 
(i, e, 1873*^K) is known from literature (Table 4«1). So 


at any other temperature T 2 f e|(2) ive, the interacti^^ 
coefficient at the desired tsnperature can be calculated 
by using equation (4.13). 
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02ae results of the calculations of interaction 

parameters are suiumarised in Table 4,2. Using these values 

fi, can be determined at any temperature for any batch 
s 

composition with the help of equation 4.7 and can be 
determined using the following. 

log fMn = ^ 4n 

falue of %y, is, however, assumed to be 0,80 for carbon 
saturated iron at all temperatures.- 

4.3 Solubility of Sulphur in Fe-Mxi-S System at 1600^ 0 
4,3*1 Determination of fq and values 

The fg and values are determined by talcing the 
interaction parameter values as given in Table 4.1 and 
applying equation (4*7) and (4,14), - 

4,3.2 Determination of equilibrium sulphur levels 

Equilibrium sulphur level of the metal at 1600°0 
is calculated by using equation (4,4), !Qie procedure of 
calculation is discussed below. In the first case the slag 
is assumed to consist of only manganese sulphide so that 
a^^g can be taken as unity, 

Por a particular Mn level in the batch S level is first 
assumed or estimated approximately and %.^ values are 
thQi calculated by using equation (4.7) and equation (4,14); 
and the sulphur level is recalculated using equation (4,4), , 



Table 4 . 2 


e| Values at 1200°C - 1600^0 


Temp. 

C 

e 

s 

jm 

e 

s 

s 

1600 

+ .1500 

-.0260 

-.0280 

1500 

+ .1600 

-.0270 

-.0295 

1400 

+ .1698 

-.0290 

-.0309 

1300 

+ .1816 

-.0309 

-.0327 

1200 

+ .1950 

-.0330 

-.0347 
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Hae steps are repeated until tiie successive calculated sulphur 
levels are about the same. 


In the second case the slag is assumed to consist 
of iron sulphide and manganese sulphide binary system and 
their behaviour is assumed to be ideal at 1600^0. Srom 
the FeS-IvInS phase disgran as shown is Elgure 4-. 2.,. it is seen 
that PeS and liiS are coirpletely soluble in the liquid phase. 
Activity of FeS or its mole fraction in the slag is related 
to sulphur content of iron as follows ; 



= FeS 
^FeS 


ajg [wtsS S ] 


Setting equal to unity 


(4.15) 

( 4 . 16 ) 


= ^+.15 ^3 ® ] 

Assuming ideal behavior, a^^g = ^eS* 


(4.17) 


For the slag consisting of FeS and IMS only 


“ ^vlnS ~ *" %eS 


(4.18) 


where %eS and are the mole fractions of FeS and MnS 

respectively. But from, equation (4. 3) I 


[ wt S] 



%n ^ 3 ^ 1 ^4 *- i : 


(4.19) 


By inserting equations (4.17) and (4.18) in equation (4,19) and 
simpli:tying, the sulphur level in the metal can be caLculated 
as'follows; 



FeS Mole fraction MnS MnS 



FeS Weight % MnS MnS 

FIG. 4.2 PHASE DIAGRAM OF FeS - MnS. (Ref. 37,38) 





[ wt ^ S ] 
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[Che values of fg, aad equilibrium sulphur content are 
summarised in Table 4.3* 

4,5,3 Qomp ar ison wi th -published data 

The calculated sulphur and manganese levels in 

Table 4*3 are plotted in Figure 4.-3 along with the 

7 

experimental data of Sherman and Ohipman . The calculated 

sulphur levels lie much above the experimental points 03f 

7 

Sherman and Ohipman , who determined sulphur and manganese 
levels in the melts after allov/ing them -to reach equilibrium 
with respect to H 2 +H 2 S gas mixtures*' It is obvious that 
ilnS could not be fomed in their experiments as sulphur 
content was always below the level at which MnS or FeS would 
precipitate out* Meyer *s experimental results of the 
equilibrium sulphur and manganese levels in the FeS+lvfn — Fe+MnS 
system! are also plotted in Figure 4.3 • Sulphur levels in 
Meyer -s experiment are found to bo lower than the equilibrium 
values because of the presence of 4 to 6 pot* £ 12 ^^ which 
might have lowered the values of ond a^^g further *’ 



it is possible to work at 

temperatures less than 1600°G* M saturated 

carbon level in the alloy can be calculated by using the 
following relationship^^? ^ 
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Table 4.3 

3quilibrium[Mn] and[ S] levels at 1600°C in Je-IvEa-S System 


Pct[lln] 

f* 

Mn 


r P' 1 

-t. u L s-' j 

a,. p,=1 

MnS 

Pot [s] 

%nS"^%nS 


2.5 

0.70 

0.70 

3.20 

2.26 

0.70 

3.0 

0.75 

0.70 

2.50 

1.88 

0.75 

4.0 

0.81 

0.70 

1 .80 

1.41 

0.78 

5.0 

0.85 

0.67 

1.38 

1.18 

0.85 
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= 1.54 + 2,54 X 10“^(!]pc) 

-0.35[p] + 0.17 [tl] ^ 0.40 [s] 

+ 0.04[Mn] - O.30C Si] (4.21) 

where, the elements in the bracket represent their concen- 
tration in the iron alloy in wt pet. 

Equation (4.21) is plotted in Eigure 4.4. Ihis shows 
the effect of alloying elements on carbon saturation values 
at different temperatures. 

4.4.2 Determination f^ and fry^^ values 

*f„' values can be determined at 1600% by using 
equation (4.7) and the interaction parameter values reported 
in Section 4. 1.2. At lower temperatures, interaction 

parameters can bo calculated using equation (4. 15)V ^^ 
equa-tion (4.7) ean be then used to calculate the fg value. 

for carbon saturated melt fj^ is assumed "to be 0.8 
at all temperatures. 

4#4*3 Determination of ■ equilibrium sulphur levels 

Equation (4. 4) can be used to determine the sulphur 4 ^ ^ 
level at any manganese in the metal above 1530^0, whereas 
equation (4.6) can be used at tanperatures lower than 1530*^0, 
provided f^ and f^^ are calGulated by using the suitable 
equations ^ discussed earlier, aihe results of the calculations 
by taking equal to unity are given in CCable 4.4. 




Table 4, 4 


Results of Th.eorStical Galculations of Squilibrium [ Mn] 
and [s ] Levels in Fe-G-Mn-S System at 12000-1 500° G 
(Assumption: fj^^ = 0.8 and = 1.0) 


Temp, 

Pct[Mn] 

'^sat 


Pet [ S ] 

Pet [ S ] 

OG 



®=MnS =1 

^vInS~^nS 


0.4 

4.38 

7.05 

0.120 

0.1080 


1.0 

4.41 

7.00 

0.048 

0.0460 


1.4 

4.43 

6.98 

0.034 

- 


2.0 

4.46 

6.93 

0.024 

0.0227 

1200 

2.6 

4.48 

6.87 

0,019 

- 


3.0 

4.51 

6.83 

0.017 

0.0168 


3#6 

4.53 

6.78 

0,014 

- 


4.0 

4.55 

6.74 

0.01 3 

o.on 2 


0.4 

4.60 

6.86 

0.280 

0.2190 


1.0 

4.66 

6.80 

0.112 

0.1010 


1.4 

4.67 

6.76 

0.080 

- 


2.0 

4.70 

6.71 

0.056 

0.0540 

1 300 

2,. 6 

4.74 

6.66 

0.044 

- 


3.0 

4.76 

6.63 

0.038 

0.0370 


3. 6 

4i79 

6.58 

0.052 

- 


4.0 

4.82 

6.55 

0.029 

0.0280 


Gontd 
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Table 4.4 contd. . . 


Temp 

Pet Mn 

%at 

fg 

Pet [S] 

Pct[ S] 


0,4 

4.89 

6 . 68 

0.587 

0.364 


1 .0 

4.91 

6.63 

0.237 

0.190 


1.4 

4.93 

6.59 

0.171 

- 


2.0 

4.95 

6.54 

0.120 

0.107 

1400 

2.6 

4.97 

6.48 

0.093 

- 


3.0 

5.00 

6.45 

0.082 

0.075 


3.6 

5.02 

6.40 

0.068 

- 


4.0 

5.05 

6,36 

0.062 

0.058 


0,4 

5.14 

6.52 

1.130 

0.500 


1.0 

5.16 

6.47 

0.462 

0.309 


1.4 

5.18 

6.44 

0.332 

- 


2.0 

5.20 

6.39 

0,233 

0.189 

1500 

2.6 

5.22 

6.34 

0, 181 

- 


3.0 

5.24 

6.51 

0.157 

0.137 


3.6 

5.27 

6.26 

0.132 

- 


4. 0 

5.30 

6,23 

0.120 

0.108 
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4*4*4 Comparison of published data 

values obtained by regular solution model in 
fable 4.4 agree well with, values obtained from data of 
Morris”^*^ in fab?i.e 2.2. She calculated value of fg around 
6.85 in Sable 4*4 for 1 pot ivin in the melt at 1400°G 
match well with the value of 6.5 ftom the data of Morris*^. 

At 1500°G for 2.4 pet Iln in the melt, the calculated 
value of around 6.55 is slightly greater than the 
experimental value of 5.64. 

4.5 Solubility of Sulphur in ge--Mn--a~Si-S and J'e-4fln~G-P--S-- 
Svstems 

She activity coefficient of srulphur increases slightly 
in presence of silicon and phosphorous due to the positive 
values of their interaction parameters and this compensates 
to some extent the decrease in the activi% coefficient of 
sulphur caused by the decrease in the solubility of carbon 
in the melt,; She results of the calculations are given in 
fable 4*5* 
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Table 4.5 


Results of Galculatibns of ActiYxty Goefficients and 
Equilibrium Sulphur Content at Different Compositions 
of Melt and Temperatures 


Temp 

OQ 

[f^Si] 

[ P ] 

\_fo Xiin j 

[2sat J 

%n 

fg [ %S ] 


0 

0 

0.5 

4.9 

0.8 

6 ,63 

0.476 


2 

0 

0.5 

4.3 

0.8 

7.30 

0.456 


2 

1 

0.5 

4.0 

0.8 

6.50 

0.470 

1400 


0 

0 

2.5 

4.9 

0.8 

6 .OO 

0.105 


2 

0 

2,5 

4.3 

0.8 

6.53 

0.096 


2 

1 

2.5 

4.0 

0.8 

6.12 

0.102 


0 

r\ 

0.5 

4.50 

0.8 

6,80 

0.100 


2 

0 

0.5 

5.88 

0.8 

7.50 

0.091 


2 

1 

0.5 

3.50 

0.8 

7.00 

0.097 

1200 


0 

0 

2,5 

4.50 

0.8 

6.08 

0.022 


2 

0 

2.5 

3.88 

0.8 

6.73 

0.020 


2 

1 

2,5 


O.R 

6.23 

0.022 
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CHAPTER Y 
EXPSRaiBlTTAE DSTAIIiS 


5.1 Equipments 

5.1.1 Silicon carbide furnace 

A silicon carbide furnace 40 cm O.E, and 50 cm long 
was fabricated in the laboratory. The major parts of the 
f\3rnace are schematically shown in Figure 5.1. 

The inner part of the fiirnace is insulated by 10 cm 
thick: hot face insulation bricks in a cylindrical fashion. 
Provisions are made to accomodate the furnace tube as well as 
silicon carbide rods inside the furnace. The outer layer of 
insulation consists of 5 cm thick;, 85 Pet MgO, 15 Pet asbestos 
powder mix. This is surrounded by a metal shell which in turn 
is covered by a layer of asbestos cloth to reduce heat losses. 

The bottom and top of the furnace are suitably insulated 
using 4 mm thick asbestos sheets. 

The furnace tube consisted of an alumina tube 5 cm i.d, 
and 60 cm long with one end closed. The closed end of the 
alumina tube rested on a refractory base at the bottom and 
all the opening at top and bottom were carefully blocked by 
refractory pieces and cement to minimise heat losses. Alumina 
chips and powder were used to fill up the alumina tube up to the 
high temperature zone of the furnace. 



ARGON 



RG. 5.1 SCHEMATIC DIAGRAM OF SILICON CARBIDE 
FURNACE. 
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5.1.2 Hransfonaer 

Six silicon carbide rods, 1.8 cm dia, 55 cm long 
with 25 cm of hot zone, are connected in series by means of 
metallic connecting straps. 

Bie power to the furnace is supplied by a continuously 
adjustable single phase, oil cooled, 40 A rating auto transformer 
with 220 volts input and 0-240 volts out put. Ihe transf03?mer 
was manufactured by ’Automatic Electric Px-ivate ltd. Bombay’, 

5.1.3 Temperature controller 

An ON-OPP temperature controller supplied by Leeds and 
Jferthrup Go,, USA was used to regulate temperature of the 
furnace , A 2 ohms resistance silicon carbide furnace was connected 
in parallel to the relay in order to supply power to the furnace 
at a reduced rating when the controller was in off position. The 
circuit diagran is schematically shown in Pigure 5.2. These 
arrangements helped to control the temperature of the reaction 
tube in the furnace within the limit of + 2°G. 

5.1.4 Biermo couple 

Platinum-Platinum 10 pet Rhodium thermocouple of 0,5 mm 
diameter, and 50 cm long was used to control th^ furnace temperature 
through the temperature controller, A separate 75 cm long Pt-Pt 
+ 10^ Rh, thermocouple of saoe dirmieter wao used to measure the 
exact temperature of the melt. These thermocouples were periodi- 
cally calibrated with melting point of pure copper and math a 
standard Pt-Pt + 10% Rh thermocouple, supplied by iCPL, Delhi, 

The thermocouple wires were protected by inserting them 
in twin hole thermocouple sheaths of appropriate length 
and 5 sna The sheaths containing the thermocouple were 

further inserted in a 8 mn i.d. one end closed refractory 
tube , The outer ends of the bigger thermocouple were connected 
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to the cold junction by means of compensating wires* Sae 
cold junction consisted of 5 nan i.d. glass tubes containing 
mercury and it was kept inside the thermos, 

A thermometer with ~ 10® to 100®0 range was used to 
record its temperature* Ihe cold junction in turn was 
connected to the potentiometer terminals by means of copper 
wires, for measuring the emf generated by the thermocouple. 

5.1.5 Potentiometer 

The millivolt potentiometer manufactured by leeds and 
Sforthrup, Go, U.S.A, was used to measure the emf generated by 
the thermocouples and this in turn could be converted to 
tei! 5 )erature by using standard tables, 

5.1.6 Gas train 

The neutral atmosphere of argon was maintained in most 
of esperiments to protect the graphite crucible and the melt 
from the atmospheric oxidation. The argon gas was purified by 
passing through a calcium chloride tower to remove moisture 
and a copper gauz?e tube, maintained at 260®-300*^G inside a 
furnace to absorb oxygen. 

A calibrated capillary flow meter was used to determine 
the flow rate of argon being passed to the furnace through the 
gas train. 

5.1.7 Induction furnace 

'Ihe vaccium induction furnace having a capacity to melt 
around 500 gn of alloy, available in the crystal growth 
laboratory of IIT Kai^ur, manufactured by Ajax, USA was used 



to make the ?e-G alloys in graphite crucibles. 


5.1.8 X-ray diffractometer 

The X-ra 3 r diffractometer manufactured by Rich Seifert 
and Go. , W. Germany, stationed in the AGMS laboratory, III 
Kanpur was used for characterisation of input and output 
materials, 

5.1.9 Atomic absorption speotro-photometer (AAS) 

Model STo, IL 751 , AAS manufactured by 'Instrumentation 
Laboratory, U.S.A. , was used to analyse manganese in the sample 

5.1.10 Sulphur analysing setup 

for analysing sulphur in the iron samples , the setup 
was made ayailable near the experimental site. It consisted 
of 250 cc conical flask, B/34 glass ^^int, 250 cc separating 
funnel, glass tubes (6 mm i.d,), 100 cc measuring cylinder, 
and 1500 watt hot plate. The yolumetric parts for titration 
had 50 cc . burrette and 10 cc , pipette. Schematic diagram of 
the set up is shown in fig. 5.5. 

5.2 Materials 
5.2.1 Steel samples 

Steel samples of 5 cm diameter and 5 cm long were 
collected from the open hearth bath of Durgapur Steel plant, 
at the end of refining, but just before addition of any 
ferro alloys etc. 

The analyses of these sanples as supplied by Durgapur 
Steel Plant are given in Table 5.1. 
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lable 5.1 

Ghemieal Atialysis of Steel Samples Obtained from 
Durgapur Steel Plant 




Blements ^ pet 

• 


Sample 

lo. 

0 

S 

P 

Mn 

Si 

1 

0.12 

0.048 

0.020 

0,05 

< 0.05 for 





for all 

all samples 

2 

0.1 1 

0.046 

0.015 

samples 


3 

0.17 

0.040 

0.037 



4 

0.14 

0.038 

0.015 



5 

0.07 

0.040 

0.010 



• 

o.H 

0.037 

0.010 



7 

0.09 

0.042 

0.010 



8 

0.20 

0.040 

0,025 



9 

0.14 

0.040 

0.024 



10 

0.14 

0.037 

0.015 



11 

0.14 

0.042 

0.016 



12 

0.12 

0.036 

0.020 



13 

0,12 

0.044 

0.028 



U 

0.09 

0.040 

0.035 



15 

0.15 

0.040 

0.010 
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5.2.2 Mn.PeS.MnS 

99.9 Pet pure FeS and Ito (imported) were used for 
the necessary addition to the melt. In some cases PeS and 
MnS were obtained locally and added to melt. All raw 
materials were characterised using X-ray diffractometer. 

5.2.3 GaO j Si025Al20^ 

99.0 Pet pure OaO, SiO^, Al20^ were used for making 
slags. lime was obtained by calcination of calcite material 
in the laboratory at 1000 for one hour. 

5.2.4 Graphite crucible 

Graphite crucibles of 2.5 cm i.d, , 7.5 cm long and 
4.t cm i.d,, 10 cm long were made from 4 and 5 cm diameter 
locally available graphite rods, respectively. 

Some crucibles were made from the broken graphite 
electrodes supplied by J.X. Iron and Steely Kanpur and Singh 
Engineering Works, Kanpur. 5 mm holes were made at the top, 
sides of the crucibles to facilitate lowering of the crucible 
to the furnace tube using the hook of a long steel rod. 

5.2.5 Sampling tube 

4 to 6 mm. diameter and 1 m long silica tubes were 
purchased locally for drawing metal samples. One tube could 
be used for drawing 5-6 metal s^ples. 
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5.2.6 Ghemical reagents 

HCn., CdGl 2 j Anmonia solution used for 

chemical analysis of metal samples v/ere of AR Grade, and 
Sodium thiosulphate, Potassium iodide were of GR grade. 
Iodine used was of IR grade. 

5.2.7 

Argon gas cylinders were available locally, 

5.2.8 Standard steel sample 

iOO gr of standard carbon steel sample, supplied by 
British chemical standards ifc, 459/^1 through their represen- 
tative, laboratory Ghemical Go. Calcutta, in India, was used 
to calibrate the analysing equipment. 

Complete description of the standard sample as 
reported by BSG is given in Table 5.2, Average values have 
been obtained by analysing the sample at many places using 
different methods. Manganese content varied from 0,95 to 
0.99 Pet. and sulphur content varied from 0.053 to 0.060 Pet, 
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Sable 5,2 

Complete Analysis of the Standard Steel Sample 
as Reported by the J3CS 


Ele- 

m iO(Tj4"c 



Ro. 

, of Analjrsis 




ATe~ 

ISl CJxi V i. 

Pet 

3 

1 

2 

2 

4 

5 

6 

7 

8 

rage 

G 

0.5H 

0.521 

0.518 

0.524 

0.534 

0.522 

0.530 

0.521 

0.523 

Si 

0.580 

0.590 

0.560 

0.580 

0.570 

0.580 

0.580 


0.580 

Mn 

0.960 

0.950 

0.960 

0.950 

0.980 

0.960 

0.990 

0.980 

0.970 

P 

0.052 

0.051 

0.053 

0.056 

0.057 

0.054 

0.052 

0.054 

0.054 

S 

0.056 

0.053 

0.059 

0.058 

0.060 

0.058 

0.056 

0.054 

0.057 

A1 

0.026 

0.027 

0.028 

0.028 

0.030 

0.026 

— 

- 

0.028 

B 

0.011 

0.008 

0.009 

0.009 

0.010 

0.010 

0.009 

- 

0.010 

Go 

0.105 

0.105 

0.108 

0.111 

0.108 

0.111 

0.116 

- 

0.109 

Mb 

0.017 

0.012 

0.013 

0.014 

0.015 

0.013 

— 


0.014 

Pb 

0.002 

0.002 

0.002 

0.002 

0.002 

- 

- 

- 

0.002 

V 

0.078 

0.084 

0.082 

0.080 

0.083 

0.080 

0.073 


0.080 


2r 0.072 0.070 0.069 0.075 0.073 

Sb 0.006 0.006 0.006 0.007 0.006 0.006 0.006 


0.072 

0.006 
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5.3 Experimental Procedure 

5.3. "I Galibration of thermocouple 

Hie thermocouple (Pt-Pt + 10% Rh) was calibrated 
against melting point of pure copper > 99.9 Pet. pure copper 
was taken in a graphite crucible and melted in the silicon 
carbide furnace under argon atmosphere, Ihe arrest point was 
noted by recording temperature of ‘che melt as function of time 
during cooling, 

5,3*2 Calibration of capillary flowmeter 

Hie capillary flow meter was calibrated by noting the 
time of travel of the soap bubble in a glass tube of known 
volume, when argon gas was being passed, and by measuring at 
the same time the difference in heights in the two fluid columns 
of the flow meter. 

5*3*3 Making iron-^carbon alloys - 

Phe steel samples from IXirgapur steel plant were 
machined to 35 dia, cylinders, which were then washed with 
acetone. 

About 400 g: ; of the prepared samples were put in 
graphite crucibles of 40 mm i.d. , 10 cm long. Phe crucible 
with the steel sample was placed in the vacemm induction 
furnace. Steel samples melted in an hour or so and picked 
up carbon from the graphite crucible. Phe temperature of 
the furnace as recorded by the optical pyrometer was around 
1550-1600 ^G. 
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On cooling, the crucible was remolded from the furnace 
and the alloy v/as x’ecoYered by breaking the crucible. It was 
then broken in to small pieces (10 mm size or loss) by 
hammering. Ihe sized ke-C alloy v/as used subsequently for 
melting in the SiO furnace for investigations as described 
la.ter. 

5 , 3 . 4 - Making slags 

Lime, alumina and silica materials were properly 
weighed and mixed to obtain the Ga0/Si02 ratio 1, 1.5 and 2, 
with percentage kept at 20 pot in the final slag. 

[Che mixture v/as kept in a graphite crucible, 2.5 cm i.d. 

7.5 cm long and placed inside the silicon carbide furnace under 
argon atmosphere at 1400^ C. icfter 15-20 minutes, the consti- 
tuents in the crucible became nearly molten. (Che molten slag 
was stirred by a graphite rod for half an hour. The cruicible 
was taken out of the furnace and allowed to cool. Ihe solidified 
slag was obtained by breaking the cruicibles, 

5.3.5 Mn-S equilibrium in Pe-G alloys 

The graphite crucible with 70-100 g of the Je-G alloy 
and other additions such as Mn, TeS , MnS etc. lowered into 
the reaction tube, which was being purged by argon before hand* 
The argon supply tube (6mm i.d. Al^O^ tube) had to be taken 
out and reinserted into the reaction tube during the process 
of lowering the gr^hite cruc ible. 
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Continuous stirring of the melt was provided manually 
using a graphite I’od. Sufficient time was allowed to reach 
equilibrium. Hie exact temperature of the melt was determined 
by placing the thermocouple just above the melt, formally 
the temperature of melt differed from the temperature recorded 
by the other thermocouple by 30° 0 or so. 

ihe alloy samples were sucked by dipping one end of 
the silica tijbe in the melt and using an aspirator at the 
other end. At a time 10-15 gm. of samples could be collected, 
fhe sample tube was repeatedly purged with argon to minimise 
oxidation of melt by the entrapped air during sampling, 

5.3.6 Slag metal equilibrium 

The graphite crucible was loaded with desired quantity 
of iron-carbon alloy and the premeited slag. The temperature 
was kept constant at 1400°0 in such experiments to ensure that 
slag remained in the molten form. The alloy sample was sucked . 
in similar fashion as described previously. 

In some cases the crucible was taken out of the furnace 
after the experiment and samples were taken from the solidified 
mass after breaking the crucible. 

5.3.7 Chemical analysis of samples 

The samples to be analysed were first powdered to 
100 mesh size in a pestle, mortar. 

5,3.7. 1 Manganese 

For analysis of Manganese by Atomic Absorption 
spectrophotometer the following steps were followed. 
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) Preparation of solutions 

0,1 gm of ivfn ( 99.9 Pet pure), standard steel sample 
and unicnown samples were weighed separately and dissolved in 
10 ml of 1 :3 HfTO^ and diluted to 100 ml after filtering, The 
stock solution prepared above were further diluted to the 
desired concentration. Solution of pure Mn were diluted to 
0,2 ppm. 

2 ) Procedure 

The following instrumental condition for Ito, analysis 
were fixed. 

Hollow cathode lamp = Ivin 

Wave length = 279,5 na 

Plame = Air - acetylene 

Absorbance of the solutions of known concentration is 
measured to obtain the linear plot between absorbance and 
concentration. Prom this plot and the measured absorbance 
of the unknown solution, its manganese concentration can be 
determined. 


5. 3 , 7 . 2 Silicon 


Some samples were analysed for silicon by gravimetric 
method in the Analytical laboratory of Metallurgical Engineering 
Department, II T Kanpur, 


5 


3.7.3 



Sulphur was analysed by evolution technique in the 
laboratory. 
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Ihe following procedure was followed: 

(1 ) The set up was tested of any leakage of the gas. This 
was done by pressurising the vessel with argon and 
then noting any pressure drop in the line when the 
supply of argon was cut off. 

(2) Around 5 ,gni of the powdered sample was transferred 
carefully to the conical flask. The glass .joint was 
placed on the proper position. The exit end of the 
glass tube was dipping in an ammordcal cadmium chloride 
solution of 1 gm GdGl2 60 ml of distilled water. 

80 ml of 1 :1 HGl was poured into the flask from the 
separating funnel. 'Hie hot plate was switched on. 

The heat was regulated by operating the regulator of 
the hot plate. Heat supply was increased towards the 
end of the analysis in order to flush out the sulphur 
gas completely from the system by the vapours of H2O. 

The sulphur in the alloy reacted with HGl to form 
H2S gas, which was absorbed by the ammonical GdCl2 solution 
to form precipitate of cadmium sulphide, ^l?hen it was confirmed 
that the alloy sample dissolved completely and H2S gas was 
flushed out of the flask the absorbing solution was cooled in 
an ice bath. The ice cold solution was acidified with 20 ml 
of concentrated HGl. To the acidified solution 10 cc of ¥/10 
iodine solution was added and titrated against H/10 ^22205 
solution. 10 cc of H/ 10 iodine solution was also titrated 
against H/10 solution in each ease. The difference 

in two values of I/IO Ha2S20^ amounts is the equivalent 
amount of Ha232^3 solution consumed for sulphur in the 
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The jfjct sulphiir in the sample was calculated as follows: 

^ 0.16 I 

% S = __ 

X 

where ’Y' is the amount of N/10 }Ta 2 S 20 ^ solution consumed 
for sulphur and X is the weight of sample in grams. 

5. 3. -8 Gharacterisation of -phases by x~ray diffractometer 

Prepared sample of less than 0.1 5 mm size was used 
for characterisation of phases of the materials, 

•Hie instrumental conditions were as follows : 

o ^ 

26 angle was varied from 15 to 100 

•The scanning speed was kept at 3^ pe3? min. 

Qr-radition with A., = 2,291 A was used. Prom the peaks 
at different 29 values, the d values are calculated by the 
following relation; 

A = 2 d sin 9, 
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OHAPTSR YI 

RESULTS 

6 • ^ Re-O-Mn-S S 77 'stem 

The desired q.uan.tity of iron carbon master alloy, 
manganese and sulphxrr in the form of ReS were added in the 
graphite crucible so as to giwe 100 grn of the liquid alloy 
on melting. In some cases, when sulphur in the form of MnS 
or PeS + MnS was also added to the graphite crucible, about 
75 gr of ?e-G alloy was added to it. Table 6.1 summarises 
the quantity of materials added before or during melting, 

G,1.1 Cooling and heating of melt at almost constant Mn level 

'The results of chemical analysis i.e, S and Mn content 
of the samples drawn at different temperatures from the melt 
in each case are also given in Table 6.1. ‘Bie samples at 
about 1300°0 were taken both during cooling and heating cycles 
in all cases to check whether equilibrium is reached or not. 

In each case the melt was allowed to remain at 1500°0 
for one hour. In one experiment i.e, the melt was allowed 
to remain at 1300°0 for another hour before drawing any 
additional sample. There was good agreement between the 
two values at the same temperature and this also signified 
the attainment of equilibriim in one hour at a particular 
temperature. 


Experimental [in] pet and [ S] pet in Iron-Garbon Alloys at Temperatures 1 200^-1 400^^0 
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Additional experiments were carried out to study 
the approach to the equilibriim during cooling of the melt 
without any stirring as to simulate the conditions in the 
ladle during the transit from the blast furnace section to 
the steel making section. Samples were drawn during cooling 
as soon as the temperatures of about 1300*^0 and 1200°G were 
recorded. 'Ihe values are surnmarised in Table 6.2. 

In one experiment i.e, Hg enough Mn and I’eS was 
added with the Pe-O alloy. After melting and holding for 
one hour the graphite crucible containing the melt was taken 
out and allowed to cool in air. It was then broken to 
collect the metal and slag samples for chemical analysis and 
X-ray diffraction study. 

6.1.2 Stepwise additions of manganese at constant temperature 

In some experiments Mn content of the melt was 
increased by stepv/ise addition of Mn at a constant temperature. 
'The results of these experiments are summarised in Table 6.3» 

6.2 Slag Metal Equilibrium Studies 

The desulphurisation capacity of the oxide slag S* 
was studied at different manganese levels in the metal at 
1400^0. Mn was added to the melt in steps and samples were 
drawn through silica tube after allowing the melt to reach 
equilibrium in 4 hours with constant stirring of the bath. 

The details of experiments and the results of chemical analysis 
are given in Table 6.4. 
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'Sable 6, 2 

Results of Experiments of the Cooling the Melt from 1 400^0 


Heat 

Ho. 

Sample 

Ho, 

Input materials , gms 

lime 

Temp. 

Metal 

Analysis 

pet 

Ee-C 

Alloy 

Mn 

EeS 

"li/Iins . 

Mn 

S 


H10-S1 

80 

1.9 

0.9 

0 

1590 

1.7 

0.083 

Hio 

H 10 -S 2 



- 

10 

1275 

1.7 

0.048 


0~^3 


- 

- 

15 

1220 

1.7 

0.044 


H11-S1 

80 

1.9 

0.9 

0 

1388 

1.6 

0.065 


H 11 -S 2 

_ 

— 

_ 

44 

1300 
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0.038 


H- 11 -S 5 
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■Table 6.7 

Results of Rechecked Sulphur Determinations on Metal Samples 


Sample 

m . 

Pet Sulphur 

1st Analysis 

2nd Analysis 

H 5 -S -1 

0.116 

0.112 

%-S 4 

0.040 

0,039 

H5-S^ 

0.029 

0.030 

^17 “^2 

0.096 

0.116 

^21-% 

0.04-0 

0.042 

H24-S3 

0.016 

0.014 
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Table 6.8 

Analysis of Standard Steel Sample in the laboratory 


Sl.Uo. 

Percentage of S 
deport edj Average 
7alue 

Percentage of S 

As Analysed in the 
laboratory 

1 

0.057 

0.054 

2 


0.051 

3 


0,048 

4 . 


0,049 

5 


0.052 

6 


0.055 

7 


0.048 

8 


0.051 


Average 

0.051 
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6,4 X-Ray Qhaaracterisation of Materials 

X-ray diffraction pattern to characterise various 
materials such as steel samples from Durgapur, Manganes 
(imported) iron sulphide (imported), iron sulphide (local), 
manganese sulphide (loca^O, prepared iron-carbon master alloy 
in the laboratory by induction molting, prepared manganese 
sulphide in laboratory by the reaction between stochiometric 
amounts of molten iron sulphide and manganese in graphite 
crucible at around 1365°0, collected slag samples of some 
heats are given in Figures 6.1 to 6.4. 



STEEL SAMPLE {From Durgopur 



20 , degrees 

PLOTS FOR IRON, MANGANESE AND iRGN-CAH8C.)^i AL:j)V 



0.8 





NriS CLocoi 



FIG. 6.3 X-RAY DIFFRACTION PLOTS FOR MnS LOCAL AND PREPARFD IN THM LAP 




F16. 6.4 X-RAY 
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IISGUSSIOl 



Determination of the manganese or sulphur contents in 
the samples of the iron al.loys as reported in Ch^ter 6 can be 
believed to be q.uite accurate because of the good agre®ient 
obtained between. the reported analysis and the actual analysis 
of the standard steel samples, and also because of the 
agreement reached betv/een the two values of the same sample 
in a few cases. Ibr these melts q[uantity of the slag formed 
may be around one percent or so and this did not pose any 
problem in sucking the metal sample from the bottom of the 
crucible. B:om the theoretic at analysis given in Chapter 4, 
it is possible to calculate the equilibrium sulphur level in 
the melt at a particular temperature and manganese content of 
the metal, fhe experimental values of the sulphur analyses 
are compared with the calculated values in Figure 7.1. 

Igreement is quite good especially for those saa^les 
which were taken at 1200°G. Similar analysis was done to 

' 14 . 

compare the experimental values of Morris ^ with the calculated 

'14 

values as shown in Figure 7^2. Morrises results agreed 
with the theoretiGaO. calculations both at 1200° G and 1400°G. It 
higher temperatures of 1350° C and 1400° G, the experimental 
fesults of the present study are lower than the calculated 
values.' OMs discarepanoy may be attributed due to any of the 




FfG. 7.1 COMPARISON OF EXPERIMENTALLY DETERMINED SULPHUR 
VALUES WITH THEORETICALLY CA LCULATED SULPHUR 
VALUES FROM THERMODYNAMi DATA. 



0 .04 .08 .12 .16 .20 .24 .28 .32 .36 

%[S] 

FIG.' 7.2 COMPARISON OF MORRIS'S DATA WITH THEORfflCALLY 
CALCULATED SULPHUR VALUE 
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following; 

(1 ) 32xperlmental errors in estimating temperature, 
manganese and sulphur levels of the melt, 

(2) Formation of MnO, FeO or Si02 in the slag so as 

to lower the activity of MnS in the slag at higher 
temperatures. 

(3) Formation of FeS in the slag especially at higher 
sulphur levels of the melt as to lower the activity 
of MnS in the slag. 

Experimental errors in estimating temperature, 
manganese or sulphur can not explain the discrepany because 
enough care was taken to control them. Thermocouples were 
properly and periodically calibrated and the tip of the 
thermocouple lied very close to the melt. The argon tube 
was positioned at 20 cm abo^e the melt and it cannot account 
for any temperature gradient within the melt. 

Any FeO or MnO formed due to oxidation of metal by 
oxygen in the argon gas will react immediately with graphite 
crucible as per the following reaction; 

(FeO) + G(gr) = Fe + 00 (7.1) 


(IkiQ) + G(gr) = [ife] 


(2.31) 


^2.31 ” 


%n0 


15090 


(7.2) 


log K2.31 - ' 


T 


+ 10,90 


(7.3) 
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For carbon saturated iron aQ = 1 and f|^ = 0.8 and taking 
Poo ~ atm., from equation ( 7 . 2 ) and ( 7 . 3 )» %inO 
at 1300*^0 is 0.039 for one percent manganese in the melt. 

Since reaction is occuring at the . slag metal interface p^Q 
can be taken as one atm. Otherwise its value will be lowered 
as to decrease further. Thus thermodynamic calculations 

show that in, the slag at 1300*^0 cannot be greater than 

0,05. Similarly FeO in the slag will be negligible. Thus 
oxidation of metal can be ruled out. As steel samples were 
obtained at the end of refining in the open hearth steel 
making, presence and oxidation of any silicon in the melt to 
give Si 02 in the slag is also very unlikely. There can 
not be any chance of entrapped slag coming with the steel 
samples as they were first machined and remelted in the 
induction furnace to make the iron-carbon alloys. 

Both manganese and sulphur are dissolved in the melt 
at higher temperature and as the temperature is lowered the 
equilibrium product of [Mn] [s] is lowered. Manganese and 
sulphur must react to form MnS which then floats to the surface. 
Micleation of MnS inside the melt is essential for reaching 
equilibrium. Similarly iron and sulphur may react to form 
FeS, if the activity of FeS be lowered by its solution in 
MnS. Exact behavior of FeS - MnS system is not known, but 
if it is assumed to be ideal, aj^^g is likely to be close 
to unity. Formation of FeS can thus not explain the observed 
lowered values of sulphur in the melts compared to the 
theoritical values, especially in the melts having sulphur 
content less than 0.06 percent. 
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It oan be concluded from the above that the consistent 
lower values of sulphur obtained at 1 500^0 and 1400^0 compared 
with the theoretical values may be attributed "to the higher 
activity coefficient of sulphur in the melt or to the higher 
equilibrium constant for the reaction (4.5), than the values 
reported in the literature. The equilibrium constant and the 
standard free energy of the reaction (4. 5) are recalculated 
using the esperimental data of the present investigation and 
the activity coefficient values of sulphur ^d manganese as 
calculated in Oliapter 4.' 'Ihe calculated values of' aqP are 
compared with the reported values from equation (4.6) in 
figure 7.5. 3Ihe discrepancy is greater for sanples taken 
at temperatures of 1300®G and 1400^G compared to these samples 
taken at 1200^0. At higher temperature, sulplmr content is 
more wliich can load to the formation of feS in the slag.V 
Probability of foS and MnS to form solid or liquid solution , 
is also more at higher temperatures. By taking as 

mole fraction of M32S in the slag as e3jplained in CSiopter 4 
the reported values of agree better with the recalculated 
values from the experimental data of the present study. In 
most of the cases at 1500*^0 and 1400^0, discrepancy in the 
two values of is less than 1.8 kcal/mole which is 

within the accuracy of the reported data. 




Manganese, Percent 

FIG. 7.3 PLOT SHOWING DISCREPANCIES IN THE EXPERIMENTALLY 
DETERMINED VALUES OF STANDARD FREE ENERGY OF 
FORMATION OF MnS FROM [Mn] AND [S] IN MELT. 
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^ heating of the melt at the same 

manganese level 

'33ie sulphur analysis of the samples collected during 
cooling to 1200°G and then heating back to 1300^0 revealed 
that there was some sulphur transfer from the slag to the 
metal during the reheating period. The sulphur level in 
such samples was always found to be lower than that of the 
samples taken during cooling of the melt. Ihis discrepancy 
may be due to the fact that the sulphur transfer from the 
slag to the metal is sluggish as the quantity of I'toS foamed 
is very small and it may not be uniformly mixed with the 
melt during the mannual stir?:ing by the graphite rod. Ihe 
dissolution kinetics of MnS is not well understood but 
it may take more than one hour at 1300 °C to reach equilibrium 
with the melt. , 'Ihe fact that MnS in slag decomposes to 
approach equilibrium between the Mn and S levels in the melt 

i.e. MnS - Mn + S 

is confirmed by the results of the heat Hg, in Table 6.1, 

Iheoritically it is known that manganese and sulphur 
in the melt will react to form MnS in the slag as to reach 
equilibrium. However the quantity of slag fomed was so 
small that it could not be collected and analysed easily. 

The quantity of slag formed in one case was deliberately 
increased by adding excessive amount of FeS and Mn to the 
charge materials in the crucible of heat Hg. In this case 
the slag could be collected after breaking the crucible at 
the end of the experiment. Comparison of X-ray diffraction 



of this slag( figure 6. 4 ) with the X-ray diffraction file data 
confirmed the presence of MnS, Presence of PeS or Pe phases 
in slag was not noticed, Ghemically it was analysed to 
contain more than 35 pet, Mn and 20 pet S, The set up was 
not geared to analyse such samples accurately so the results 
can be subject to some errors- These findings however 
confirmed the formation of MnS in the slag, 'This is also 
confirmed from the results reported in Table 6.3 that sulphur 
in melt decreases when manganese additions to melt at a 
constant temperature. Attempts were also made to form MnS 
in the laboratory by melting PeS and Mn materials in the 
graphite crucibles. X-ray diffraction pattern of the product 
Figure 6,2 marked the presence of MnS and some other phases. 
X-ray diffraction patterns of locally procurred PeS and MnS 
materials however did not give ary clear picture regarding 
the phases present in them. Exact chemical analysis of these 
materials are also not known though they were analysed to 
contain about 20 to 30 pet sulphur, 

7 . 1 . 3 Approach to the eluilibriiua during furnace cooling s>f. .■ 
the melt 

Attempts were made to simulate the plant conditions 
where metal in the ladle cools without any external stirring. 
?rfhen the melt was allowed to cool in the furnace under the 
argon atmosphere by simply turning off the power of the 
furnace > it took 10 minutes for the melt to reach 1300°0 and 
another 5 minutes to reach around 1200° C, The sulphur 
analysis of the samples collected from the cooling melt 
is compared with the sulphur analysis of the samples from 
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the melt where equilibrium was allowed to reach by holding 
the melt at that temperature for one hour or so, in 
figure 7.4. 'Ihe temperature measurements of the cooling 
melt may be slightly erroneous but the trend is towards 
higher S values in the samples from the cooling melt, Sti'll 
a significant drop in the sulphur content during the cooling 
of melt in 10-20 minutes of time is observed aiad it may be 
quite significant from practical point of view. The sulphur 
levels tend to reach the equilibrium values if the melt is 
cooled slowly in the furnace by reducing the power to the 
furnace such that it takes 40 and 80 minutes for the melt to 
reach. 1300°G and 1200^0 respectively. 

7.1.4 Model for calculating manganese and sulphur in the melt 

A mathematical model based on manganese and sulphur 
balances can be worked out to determine the manganese and 
sulphur contents of the melt under certain equilibrium 
conditions, let the quantities of T'eS, MnS and Mn, in gms 
added to 100 gms of Je-G alloy be expressed as 2-j,Y-] and 
respectively. If X 2 ^2 ^ decompose to 

give ?e, Mn and S to the melt, the final quantity of the 
molten alloy will be ( 100 + X 2 + Tp ^1^* Similarly slag 
quantity will be (X-j + Y-j - X 2 - Y 2 ) gms and percentage of 
manganese and sulphur in the molten alloy can be written 
as follows; 

55 

[Mn] = §1-^ X 100 (7.4) 

100 + X 2 + Y 2 + 



[VoS] Equilibrium 





(7.5) 


[ S ] 



100 + X 2 + Y 2 + Z-j 


X 100 


IH 


Assuming ideal behavior of PeS and MnS in 
equilibrium constants for reactions (4.5) 
be written as follows; 

jr _ ^^n S 

fjja [s] 


the slag, the 
and ( 4 , 15 ) can 


(7.6) 


K 


4.15 


f S [ S ] 


(7.7) 


The mole fraction of MnS and PeS can be assumed to be same 
as their weight fraction and can be written as follows; 


- X2-Y2 



%eS 



X^ + - X2-Y2 


(7.9) 


Values of aad. S't any temperature can be known 

from the data given in Chapter 2 or 4 . To compute the 
values of X 2 s^nd Y 2 equations ('7,6) to (7 9) can be solved. 
Then the percentage of mangane and sulphur in the melt can 
easily be computed by using equations (7.4) and (7.5). 

For example using experimental data of heat 
manganese level in melt was calculated to be around 0,1 pet 
and the sulphur level as 1,17 pet from the above model. The 
calculated value agreed with the experimentally determined . 
sulphur content of 1.07 pet. Similarly for heats to % 
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csJ-Gulations shov/ed tliat mangaziGse should react vdLth. added 
PeS to tom. MnS and the final Mn in the alloy would he 
0,2 to 0,6 pet less than the value calculated jKcom the 


manganese additions to the charge. In case of heats and 
^•14 grade of IilnS and FeS virere used, the [Ivin ] and [ S ] 

levels calculated from the above model did not match well 


mth the exp er mental values as shown in fable 7.1. The 


only source of manganese and sulphur in the alloy melt was 
MnS in heat as no manganese or FeS was added in the 

charge mix of the crueible. Some MnS might decompose to 
give manganese and sulphur in the alloy melt and some IvInS might 
react with Fe to form FeS and manganese,- Ihus the ratio 
df manganese and sulphur in the alloy melt should be greater 
than the stoichiometric ratio of 55 132 where os actual MniS 
ratio of 1,06 was obtained.^ fhis was possible if some sulphur 
was present in some other form e.g. MnS^r FeSr^^^ sulphur etc. 
in the -charge material, 

7.-2 Slag»4lQtal Eqttilibriua 


7.2.1 



The effect of slag basicity for manganese free metal 

on its sulphur level is plotted in Figure 7.5 based on the 

eaperimental data of Chapter 6, is the basicity of the slag 

i. e, (Ga 0 /Si 02 ratio ) increases, the desulphurisation of the 

metal increases.; fhis agrees with the findings of many other 
■15 

investigators. Increasing the slag has also helped 

in decreasing the sulphur level of the melt.- 

calculations for the sulphur partition ratio and comparison 
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Table 7.1 

Gomparison of 'Hieoritical and Hlxperimental 
L Mn] and [S jTevels at HOO°G 


Heat 

Ho. 

Sample 

Ho. 

pet. Mn 


pet. S 




'Theoritical 

Sxpt* 

Theoritieal 

model a. 

Mils 

%InS 

3xpt, 


H13-S1 

0.955 

0.371 

0.188 

0.347 



1.910 

1.320 

0.099 

0.110 

Hi 3 

3'~^3 

2.84-0 

2.160 

0.065 

0.069 


Hi 3-S^ 

2.760 

3.140 

0.051 

0.057 



Hi ^-Si 

0.162 

0.200 

0.734 

0.680 

Hi 4 

Hi ^-82 

0.350 

0.600. 

0.450 

0,230 


H14-S3 

0.660 

1 . 320 

0.276 

0.095 


Hj4-S4 

1.150 

2.160 

0.160 

0.064 



[Sj^ Percent 



Ca0/Si02 Ratio 

FIG. 7.5 EFFECT OF SLAG BASICITY (CaO/SiOi ratio) ON THE DESUL 
FURISATION OF CARBON SATURATED IRON AT 1400*^0. 


Ill 
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with the theoritical yalue are described later, 

2 ^ oi manganese on sulphur levels of the melt 

At 1400°0 as the manganese level in the metal increases, 
the sulphur level decreases in almost all cases as shown in 
I'igures 7,6 to 7.9 for different compositions and volumes of 
the slag. 

It has been discussed in Chapter 4 that the sulphur 
level of metal should decrease with decreasing 
formed in presence of Mn in, the melt will lower its activity 
by becoming a part of the slag, 'Iransfer of manganese from 
metal to slag phase was confirmed by the chemical analysis 
of the slag in a few cases. Actual transfer of manganese 
from metal to slag can result due to the formation of MnS or 
MnO as per equations (4.5) and (2.34). X-ray diffraction of 
the slag (figure 6.4) did not confirm the presence of MnS or 
MnO phases probably due to small quantity of MnS or MnO in 
the slag or because they may be present in some other form. 

The role of manganese in lowering the sulphur level can be 
attributed to any of the following; 

(1) Manganese reacts with sulphur to form MnS and activity 
of MnS is lowered by its solution with the oxide slag. 

(2) Manganese enhances the rate of sulphur removal by 
CaO in the slag as per the following reactions; 

(CaO) + S =0aS(s)+O (7.10) 










0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 


[% MnJ 

FIG. 7.7 EFFECT OF MANGANESE IN CARBON SATURATED IRON 
ON THE DESULPHURISATION OF THE MELT AT 1400° C 
AND SLAG BASICITY (CaO/SiOj Ratio) OF 1.5. 






lOu c-’rr ciiiov 


0.4 0.8 1.2 1.6 2.0 2.4 : 

[% Mn] 

FIG. 7.8 EFFECT OF MANGANESE IN CARBON SATURATED IRON 
ON THE OESULPHURISATION OF THE MELT AT 1400®C 
AND SLAG BASICITY (CaO/SiO? Ratio) OF 2.0 . 
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(3) Manganese in melt reacts with Si02 slag to form 
silicon in the melt and MnO in slag as per reaction 
( 2 . 34 ). Uiis would increase slag basicity and hence 
favor sulphur removal. 

It is possible all the three factors may be responsible 
for the lowering of sulphur level in presence of manganese in 
the melt* The probable reactions occuring in the system are 
further discussed in the following section. 

7 . 2.3 M ulti oomnonent-multiphase model 

The probable reactions in the multi component system 
can be described by reactions (7.12) to ( 7 . 17 ) which are 
rewritten in Table 7.2. The standard free energies and 
equilibrium constants of these reaction can be determined 
from the thermodynamic data given in Chapter 2 and are included 
in 'Table 7.2. 

At slag metal interface p^Q can be assumed to be one 
atm. If silicon and manganese levels are at equilibrium with 
respect to MnO and Si02 in the slag by reactions (7.12) and 
( 7 . 1 3 ) respectively then reaction (7.15) can describe the 
over all sulphur triinsfer from metal to slag. If reduction 
of oxides by carbon are ignored, silicon content in the metal 
will be given by reaction ( 7 . 14 ) and sulphur transfer can be . 
described by reactions (7.16) or (7.17). If the reduction of 
Si 02 by manganese is sluggish the sulphur transfer can be 
described by reaction (7.12) only. If Si02 in slag is reduced 
by carbon to give silicon in metal then 
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Table 7.2 

Summary of the Reactions for Multicomponent Multiphase Model 


Sl.Ro. 


Reaction 

Equa- 
tion Eo. 

Cal. 

1 

(Si02)+2a(gr 

)=[SlJ,^jj+ 2 CO(g) 

(7.12) 

145100 -9 5.551 

2 

(MnO ) + G (gr 

00(g) 

(7cl3) 

68962.8-49.801 

3 

(Si02) + . 2[Mn 


(7.14) 

7175 + 4.061 

4 

(Gao) +[S]^y^ 

r. + G(gr)"= GaS(s)+G 

0(g)(7.l5) 

27465.7-27.121 

5 

(aao)+[s].j^^ 

+ [Mn]^;y^(GaS)+(!inO) 

(7.16) 

“41495,6+22.621 


([Ca0)+[S],^^^^+^[S:|_^=(0aS)+~(Si02) (7.17) -45083 +20.65T 


6 
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fsi CSi] p 


K, 


GO 


7.12 


YSiO^ Xsio^ ^0 


(7.18) 


Taking =15 and Pqq “ ~ replacing the mole 

fraction of SiOg by its v/eight fraction, then equation (7.18) 
will be simplified to the following form; 

1500 [si] 


K. 


7.12 


(7.19) 


■'^Si02C^‘1:>5_Si02 

The equilibrium sulphur level in this case will be governed 
by the following equation; 


(S) 

y = 4 ( ) (wt% GaO) K, 


70a0 

^GaS 


( 7 . 20 ) 


YOaO 


YSiOo and 

^ ^CaS 


are known to vary with slag basicities as 

mentioned in Chapter 2, As reduction of Si02 of carbon 
proceeds, slag basicity will increase which will lower Yg^Q 
and increase 


Ygao ^ 

ratio, Equilibrium between slag and 


YGaS 

metal will be reached at a particular basicity greater than 
the initial basicity of the slag. If ’f ’ is weight fraction 
of slag added to the melt having basicity of with 20 pet. 
Al20^ and X gms of Si02 react with carbon to form Si in 100 gms 
of melt, then; 


Si = 


28 

60 


80 f 


Si 02 left in the slag 
GaO in slag = 80 f 


1 4 - 3 h 


'1 


1 + 


X 


gm 


gm 


(7.21) 

( 7 . 22 ) 

( 7 . 25 ) 
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Total slag after Si02 reduction 

= 100 f - X 

The Ga0/Si02 ratio can now be written as follows; 

Bi 

80 f— 

CaO ^^ -^1 

Si02 80 f 

1 + B-} 

Equation (7.25) can be simplified to : 


(7-24) 


(7.25) 


(1+Bi)x 
80 f B^ 


(7.26) 


Knowing ysiq function of , value of x can be 

determined for equation (7.18). Galculations show that 
slag volume of 20 pet and basicity of 1,0, 1,21 gms of 
Si02 will be reduced to give 0.56 pet. Silicon in metal 
and final 0a0/Si02 ratio 1,2 in the slag. At slag basicity 

of 1.2. ratio is calculated to be around 80 at 1400°0 

’ [S] 

from equation (7.20) which is plotted in Eigure 2.6, Corres- 


ponding sulphur level in melt should be 0.025 for slag volume 
of 20 pet as calculated from equation (1.2), The experimental 
values of sulphiir level in metal obtained for this combination 


of slag volume and composition were much greater than the 
equilibrium value of 0.025 pet. The equilibrium sulphur 


is not influenced by the Edition of manganese to the melt. 
The equilibrium constant of Si02 reduction by manganese in 
the melt (reaction 7,14) is given as follows; 
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Wt% InO 

I'Maa > ■I 5 [SI ] 

K — — ___ X 100 (7.27) 

0.8 [lln] ^ 102 ) 

[ Mn] / (bilxiO) ratio is calculated to be arouud 1.0 at slag 
basicity 1.2 and 1400*^0. Jor 1.2 pet manganese in metal MnO 
in slag will be around 1 to 2 pet and it can not thus influence 
the reactions (7.12) and (7.16) much due to corresponding 
changes in values of Ygio^, (%Si02), y q^O^Y or (% OaS) 
in the slag. Manganese may thus be helping to enhance the 
rate of either silica reduction by carbon or the sulphur 
transfer from the metal to slag towards the equilibrium 
value, Ihis aspect has not been fully studied .in the present 
work but it is in agreement with the findings of 'lurkdogan and 
other investigators. At higher slag basicity of 1.5 and 2.0 
and with pure lime as desulphuriser the equilibrium sulphur 
levels will be also much lower than the values obtained 
experimentally. There also manganese may be helping in only 
increasing the rate of sulphur transfer from metal to the 
slag. The formation of MnS by the reaction between manganese 
and sulphur is also unlikely becaus erimental data 

correspond to a ^y,_q = 0.30 at slag basicity 1.0 and slag volume 
of 20 pet. Total MnS formed by the addition of manganese to the 
melt can not be greater than 1.0 per. of che slag. More over 
a^g values calculated from the data of manganese and sulphur 
in the melt does not increase with increase in manganese 
content of metal which can be expected if MnS is formed to 
lower sulphur in metal. Activities of MnS in slag are 
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calculated to be 0 .I 5 and O.O 5 at slag basicities of 1,5 
and 2,0. For manganese and sulphur reaction to occur,MnS 
must lower its activity by its immediate solution with slag. 
This will require much greater stirring than obtained in the 
present study. 

It may also be possible that experimental I'esults 
are subject to error due to improper sampling in presence 
of large quantity of slag. To check this samples v^ere 
collected at the end of experiment from the solidified mass 
in the crucible. The experimental results in Table 6,6 
confirm that equilibrium conditions are not reached in such 
experiments also. Hence manganese may be helping just to 
increase the rate of sulphiir transfer from metal to slag phase. 
This aspect however is not confirmed by the results of heats 
H 23 and H 2 g in Table 6,5. Therefore the role of Mn on the 
desulphurisation of the iron - carbon melt by the oxide slags 
of Oa 0 -Si 02 --Ifei -0 is not well understood yet and further work 
is needed in this area, 

7.3 Industrial Applications 

Equilibrium sulphur level of metal in presence of 
manganese decreases rapidly with increase in manganese content 
of metal or decrease in temperature. At 1300°Q and 2 pet, 
manganese, equilibrium sulphur value is around O.O 58 pet. 

In the laboratory near equilibrium value i.e. O.O 48 is 
reached in 10 minutes of cooling from 1400^0 without 
stirring the bath. Cooling to I200°a in 5 minutes decreases 
sulphur content to O.O 44 pet. Thus reaction between manganese 
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and sulphur to form L'InS product is. quite fast and one can 
expect significant drop in sulphur content of metal of the 
ladle in cooling slowly during the transit from blast furnace 
to mixer* Data from Rourkela Steel Plant clearly sho\vs this 
trend of lowering of sulphur content of metal (Figure 2.11). 
Presence of blast furnace carry over slag with the metal can 
not be ruled out and it may favor sulphur removal by manganese 
to form MnS as activity of IhiS may be lowered. The kinetics 
of sulphur transfer to the oxide slag in presence of manganese 

without stirring the melt has not been yet studied but the 
equilibrium value of sulphur is much lov\?er than found 
experimentally in the laboratory condition or found in the 
plant data. 

40 

Iyengar et al reported that Rourkela Steel Plant 
developed a norm of hot metal manganese of 1.8 pet. for 
obtaining bath (steel) sulphur of around O.O3O pet. Sulphur 
in mixer metal would be around 0,035 pet, Equilibrium data 
shows that temperatures for this combination of manganese 
and sulphur in the hot metal is around 1220^0 which may be 
very close to the actual temperature of mixer metal though no 
measurements have been reported. The metal depth in the ladle 
or in the mixer may be 2-3 m. and in absence of stirring pure 
MnS must be formed by the reaction betv/een manganese and sulphur 
inside the melt. Only at the slag metal interface MnS can 
lower its activity by its solution in slag. Diffusion of 
manganese and sulphur to the slag metal interface will be 
very slow to account for any significant drop in sulphur. 

Further drop may be possible only with good stirring of the melt. 
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GHIP'TSR Ylir 
SUIIMARY AKD GOECLUSIOYS 

Studies on sulphur control in iron maicing and steel 
making processes or by means of ejiternal ’creatment of metal 
in recent years have gained importance to meet challanges 
for production of low sulphur steel at lower cost for nev/er 
and newer applications in space, ocean, defence etc. 
(Thermodynamics of sulphur reactions and desulphurising powers 
of various blast furnace and steel making slags have been 
investigated by many workers by equilibrating the melt with 
known H2/H2S ratio or with a known quantity and composition 
of slag at a fixed temperature. In the present work attempts 
have been made to investigate the effect of manganese on the 
desulphurisation of iron-carbon melts due to formation of MnS 
with and without addition of some oxide slags. 

Theoretical models have been proposed to calculate 
the sulphur content of metal as function of temperature and 
manganese content of metal fromi the reported thermodynamic 
data on standard free energies of formation and heats of 
solution. Values of activity coefficients of sulphur in 
iron-carbon alloys in temperature range of I200°to 1400°G 
have been calculated , using a regular solution model sfrom the 
reported data at 1600° G. dhe experimental results of many 
investigation such as Oelsen, Sherman and Ghipm an, Morris etc, 
agreed with results of theorfitical calculations, For sulphur 



levels greater than 0.10 pet, both PeS and MnS may be fomed 
in the slag whereas at lower values of sulphur, I'hiS is the 
predominant phase of the slag. In the present work FeS and 
MnS are assumed to behave ideally. 

fhe experiments were conducted in a silicon carbide 
furnace under the neutral atmosphere of argon. Ihe charge 

materials were put in a graphite crucible for melting in the 
furnace. 

Ihe calibrated thermocouples were used to measure the 
temperature of the crucible gust above the melt accurately. 
Drawing alloy samples by quartz tube did not pose any problem. 
In a few cases samples were taken from the solidified alloy 
mass at the end of the experiment. 

Ihe set up for sulphur analysis of the alloy was 
calibrated with standard steel samples obtained from 3GS 
and hence the results of analysis are considered to be quite 
accurate. 'Ihe purity of the charge materials was checked by 
the X-ray diffraction and chemical analysis. iHl materials 
except locally, procured FeS and MnS were found to be free 
of impurities. 

Equilibrium in the Fe-C-r^vIn-S system was checked by 
drawing samples at about 1300°0 both during . cooling and 
heating cycles. Ihe equilibrium was more or less reached 
in one hour duration at constant temperature. 

Additional experiments were carried out to study the 
approach to the equilibrium during cooling of the melt without 
any stirring as to simulate the conditions in the ladle during 
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transit from the blast furnace section to the steel making 
section. Uear equilibrium values of manganese and sulphur 
levels in melt were obtained in such e:xperiments. 'lo check 
whether MnS is formed in the experiments, one slag sample 
was chemically analysed 'co contain high manganese and 
sulphur, fhis was further confirmed by the presence of MnS 
phase in the f-ray diffraction pattern. 

In some experiments manganese was added to the melt 
in steps at a fixed temperature. The lov/er content of the 
manganese in the melt than that of the charge suggested that 
maganese had reacted with sulphur in the melt to form MnS. 

However the formation of I'eS in the slag at higher temperatures 
could not be ruled out. 

Oomparison of tbeoritical values of 'sulphur contents in caroon 
saturated metal at different temperature and manganese content 
of metal vnth the experimental results of present work 
shows that good agreement is reached in most of the cases 
if the activities of MnS and feS in slag are taken same as 
their weight fractions and a discrepancy of - 1.0 to -1.8 
KGal/mole in the reported standard free energy of formation 
of MnS is allowed. These limits are within the accuracy of 
the reported data. 

from slag metal equilibrium studies for i-6 hours at 
■1400°C, it is found that manganese upto 2 pet. decreases the 
sulphur content of metal at all combinations of slag volume 
(10 to 20 pot, ) and slag basicity (Gao/Si 02 ratios,, 1 to 2), 
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A multicomponent multiphase model is proposed to 

study the approach of the system towards equilibrium. 

Reduction of Si02 in the slag by carbon or manganese in the 

melt occurs, increasing there by the basicity of slag. For 

a melt having slag volume of 20 pet. and basicity of 1.0, 

1,21 gms of Si02 is reduced to give 0.56 pet. of Si in 
GaO 

metal and ratio of 1.2 in the slag. For this slag 

basicity, the sulphur equilibrium partition ratio is around 
80 and equilibrium sulphur content is 0.025 pet. The actual 
values are higher than this but they tend to reach equilibrium 
value with increasing manganese content of metal. Equilibrium 
and actual sulphur content of metal decreases with increase 
in slag volume or increase in slag basicity, Tb.e exact role 
of manganese in lowering of sulphur level in the melt in 
presence of oxide slag however could not be properly understood 
from the findings and experimental results of this work. More 
experiments and complete analysis of metal and slag samples 
are needed and ^recommended to gain further understanding of 
Mn-S interactions in the Fe-0 alloys. 
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OHAPTBR IX 

SIJG'ISSTIOIfS J'OR FJRIHRR WORK 

Diff icu.l1:ies v/ere faced for procurement of pure 
manganese sulphide material , Ihe manganese sulphide 
procured locally contained lot of unidentified impurities. 

Hence it is suggested that attempts snould be made for 
preparation of manganese sulphide and iron sulphide in the 
laboratory by some suitable methods such as synthesising 
pure manganese and pure sulphur under vaca-um around 250° 0. 

Basic studies by addition of MnS to iron-carbon melt 
may be necessary to understand its decomposition behavior in 
the melt and give an independent confirmation of manganese 
'sulphur equilibrium in the Re-C-Mn-S melt. 

In order to explain the effect of manganese 
on desulphurisation in presence of oxide slags, synthetic 
slags such as MnS-0a0-Si02-Al20^ and 5'eS-Ga0-Si02--Al2^3 
should be prepared in the laboratory for studying slag- 
metal equilibrium. 

further experiments may be planned for equilib*^ rating 
the Re-G-Mn melts with known H2/H2S ratio at fixed temperatures. 
H2/H2S ratio of H2 and H2S gas mixture will correspond to a 
particular sulphur concentration in the melt at equilibrium 
and this in turn will correspond to a particular manganese 
content of metal. !Ehe final manganese content of the alloy 
melt can thus be compared with the theorBtical value of 
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manganese-sulphur equilibrium calculations. Bae starting 
manganese in the melt must be kept greater than the 
equilibrium value for such experiments. 

It is desirable to have access to complete and 
accurate analysis of slag and metal for better correlations 
of the thermodynamic data and comparison with predicted 
values. 

Experimental data is also needed for melts containing 
carbon other than saturation values. Ihis may be possible 
in the pure -4120^ cyttcibles. 

‘Ihere is also need to get more scientific and reliable 
data from the industry. 

Temperature of blast furnace metal and slag, accurate 
analysis of blast furnace metal and slag, ladle metal 
temperature and analj/sis, mixer metal and mixer slag analysis, 
mixer temperature are needed to correlate the industrial 
data with laboratory study. Industrial data of desulphurisation 
of iron with additions of pure lime, slags and carbides in 
presence of manganese in the metal will also be helpful in 
analysis of data. 
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